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Preface

Mechanical engineering is the most important economic sector. Mechani-
cal engineering products, machines for different purposes, are supplied to all
industries, agriculture, transportation, determining the level of their develop-
ment. Mechanical engineering plays an extremely important role in providing
national defense.

The process of creating a machine is divided into two stages. The first
step involves engineering design of a machine and involves creation of the
drawings necessary for manufacture. The second step is development and im-
plementation of manufacturing and assembly of the machine that is the main
task of mechanical engineering. These steps are closely interrelated. Indeed, it
Is impossible to develop a good design of the machine without taking technol-
ogy of its production into account. The adopted processes of manufacturing
and assembling determine machine quality and production costs. The techno-
logical development allows for new design solutions, providing increase in the
quality of the machines and reduction of their costs.

The modern view on the mechanical engineering has formed on the basis
of research and development of many generations of Russian and foreign sci-
entists and engineers who contributed to its establishment as a branch of engi-
neering science. Mechanical engineering studies laws of the machinery manu-
facture, in order to use these laws to ensure required quality of the machines
and minimum cost of the production.

A great contribution to the establishment and development of mechanical
engineering was made by Russian scientists B.S. Balakshin, V.M. Kovan, |.M.
Kolesov, V.S. Korsakov, A.A. Matalin, S.P. Mitrofanov, A.P. Sokolovsky and
many others.

The proposed book for the course of "Fundamentals of Mechanical Engi-
neering” is intended for students that follow the Bachelor Degree Program
150700 "Mechanical Engineering”. The book covers all major topics of the
course and reflects experience of teaching at Tomsk Polytechnic University.

The first section of the book provides basic concepts of mechanical engi-
neering production.

The second section covers fundamentals of locating and dimensional
chains theory. Methods for ensuring accuracy of resulting dimensions and tol-
erance analysis for the developed manufacturing processes are given.

The third section is devoted to questions of ensuring properties of the part
material and part accuracy. Considerable attention is focused on formation of
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the surface layer quality. The basic causes of machining errors, methods of
their estimation and elimination are examined.

The fourth section examines the ways to improve machining productivity
and reduce cost of parts production.

The fifth section presents fundamentals of the manufacturing processes
design.

The sixth section considers types and forms of organization of assembly,
and sequence and content of the main stages of the assembly process design.

The author expresses his deep gratitude to the scientific editor and re-
viewers for their helpful comments, and to academic assistant L.A. Ogol, TPU,
for her help in preparing the manuscript for publication.
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1. Basic Concepts and Definitions of Mechanical Engineering
Production

1.1. Product and Product Life Cycle

Product is a finished item of the mechanical production. It can be a ma-
chine, an assembly unit, a workpiece or a component.

Machine — a mechanism or a combination of mechanisms that perform ac-
tions to transform energy, materials or to execute work. At present, almost all
the machines are mechatronic systems. The mechanical part of the systems is
made at manufacturing plants, electronics are manufactured at enterprises of
electronics industry.

A workpiece, in mechanical engineering, is a product used for parts man-
ufacture. The workpiece that is used in the first machining operation is called
the initial workpiece.

A part or a component is an item made from a homogeneous, by name
and grade, material without assembly operations. Examples of parts are: shaft
made from one piece of metal, molded case, bimetallic plate, plastic flywheel
(without reinforcing elements). The same parts but with coatings (protective or
decorative) are also considered as parts, as well as parts manufactured with the
use of local welding, soldering, gluing, for example, a tube, soldered or welded
from one piece of sheet material.

An assembly unit is a product, parts of which are to be joined at the man-
ufacturing plant by means of assembling operations. The assembly unit may
consist of individual components or subassemblies of higher order and compo-
nents. The assembly unit of the first order is fitted directly into the machine.
The first-order assembly unit may consist of individual components or subas-
semblies of the second-order and components. The second-order assembly unit
may include a third-order sub-assemblies and components, etc. The assembly
unit of the highest order consists of the individual components only.

Thus, the composition of the product (machine) can be represented as the
diagram shown in Fig. 1.1.

In addition to these kinds of products, the complexes and sets are distin-
guished in mechanical engineering.



Product

Assembly
units

components

Fig. 1.1 Composition of a mechanical product

Complex — two or more specified products that are not joined at the manu-
facturing plant by assembly operations but designed to perform interrelated
maintenance functions (such as automatic line of machine tools, drilling rig,
ship, etc.).

Set — two or more items that are not joined together at the manufacturing
plant by assembly operations, and represent a set of products that share a
common operational purpose of accessory character (e.g., spare parts kit, tool
Kit, etc.).

Products, according to their purpose are divided into the products of main
and auxiliary production. The first are intended for sale, the second are for the
internal needs of the enterprise.

A set of interrelated processes of serial change of the product state, from
the formulation of initial product requirements and to the end of its operation,
is called product life cycle.

The life cycle for the mechanical product is schematically shown in
Fig. 1.2.

At the start, company studies market demand for the product and its con-
sumer properties, then performs R&D and engineering activities and creates
competitive product. Almost at the same time the engineering design and man-
ufacturing process planning is carried out. The engineering design involves
product designing and issue of the technical documentation (drawings, parts
lists, etc.). Process planning consists in designing the processes of product as-
sembly and processes of the product parts manufacture, designing and manu-
facturing of cutting tools, measuring instruments, fixture and other equipment,
and preparation of the relevant documentation. Along with design-engineering
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preparation and process planning a prototype product is produced, tested and
undergone research work in order to improve prototype design and production
process. After completion of the design-engineering preparation and process
planning the mass production begins.

Market research { Marketing

( Research

Research, development
and engineering, <

duct dest Development and engineering
product design

Designing

/\

Manufacturing process
planning

— ——

( Prototype production

Production planning Engineering design

Testing

Product manufacturing

R&D, redesign
and manufacturability refinement

K Production

( Usage and operation

Maintenance and operating repair

Product usage and disposal

Overhaul and partial disposal
of components and assembly units

\ Recycling

Fig. 1.2 Life cycle of a mechanical product
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The product usage is accompanied by its maintenance and operating re-
pair, then overhaul, and a partial disposal afterwards. Upon reaching the period
of depreciation or obsolescence the product is recycled or disposed.

1.2 Product Quality

Product quality is the group of product properties that determine its abil-
ity to meet certain requirements in accordance with its use.

The quality of mechanical products is assessed with the system of param-
eters that are usually divided into:

— the parameters of engineering level,

— performance parameters;

— engineering and manufacturing parameters (or the parameters of con-

struction manufacturability).

The parameters of engineering level are: power, productivity, coefficient
of efficiency, accuracy, degree of mechanization and automatization, efficien-
cy, environmental friendliness etc.

Performance parameters are: reliability; ergonomic characteristic, i.e. the
level of taken into account group of hygienic, physiological and other human
needs in the system human — product (machine) — environment; aesthetic esti-
mate, i.e. design perfection, product exterior design etc.

The most important product quality parameter is its reliability. It is a
complex parameter, which consists of failure-free performance, durability, re-
pairability and storageability.

Reliability is the property of a product to maintain values of all parame-
ters, which characterize the ability to perform the required functions under the
given regimes, application conditions, maintenance and transportation during
the definite time period and within the prescribed limits.

Failure-free performance is the property of a product to maintain contin-
ually the operable state in the course of time. The indicator of failure-free per-
formance can be, for example, mean time to failure.

Durability is the property of a product to maintain the operable state be-
fore the beginning of maximum permissible state under the adopted system of
maintenance and repair. The example of durability parameter can be mean ser-
vice life.

Repairability is the property of a product to be adapted for preventing,
finding and correct the failures and malfunctions through the servicing.

Storageability is the property of a product to maintain the operable state
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during and after storage and (or) transportation.

Engineering and manufacturing parameters of product quality (the param-
eters of manufacturability) reflect technological rationality of product design.

Manufacturability is the group of properties of product design that deter-
mine its adaptability to achieve the economic cost during manufacturing,
maintenance for the specified quality parameters, production volume and work
conditions. Manufacturability of product designs is assessed qualitatively
(“good” — “bad”, “rational” — “irrational”, ‘“technological” — “non-
technological”) and quantitatively.

Bearing housing, for example, can have different designs (Fig. 1.3, a, b).
The length of the machined surface and its machining costs reduce in design
(Fig. 1.3, b), that is why this design is the only rational. The structural element
of the cover can have different versions (Fig. 1.3, c, d). Unbalanced radial
force appears when drilling hole at an angle and this force can cause breakage
of the drill. That is why configuration of the cover element shown in Fig. 1.3, d
Is rational.

The main quantity parameters of manufacturability of industrial product
are labour intensity, material consumption and manufacturing cost.

\/Ra 2.5
a b d

Fig. 1.3 Examples of poor and good designs in terms of manufacturability

Labour intensity of product manufacturing is represented by labour spent
on executing processes of its manufacturing.

Material consumption is the amount of material necessary for manufac-
turing and operation.

Manufacturing cost of the product includes the expenses of the enterprise
in monetary form for manufacturing one unit of production.

12



Product optimization for manufacturability is made while designing, i.e. it
Is made by design engineers. Manufacturing engineers carry out technological
inspection of design documentation about meeting requirements for manufac-
turability while developing manufacturing processes.

The questions of ensuring manufacturability of product designs are con-
sidered in more details in Sections 5 and 6.

The most important parameter of product quality is its geometrical accu-
racy. The accuracy of products is characterized by dimension tolerances, toler-
ances of form and location. Accuracy of products is characterized by the accu-
racy of relative motion or the position of the working surfaces that depends on
the accuracy of components and the accuracy of assembling these products.
So, for example, one of the characteristics of geometrical accuracy of a lathe
are tolerances of the spindle axis parallelism with respect to the direction of
slides travel in vertical and horizontal planes.

The accuracy of manufacturing engineering products is constantly im-
proving. It has been improved in about 50 times for the last 100 years; dimen-
sion tolerances of separate parts now are 1 um and less. It can be explained ei-
ther by increased speed of machines or by the tendency to enhance their relia-
bility. With machine speed increasing, the dynamic loading of its parts grow
inevitably and their longevity decreases. Usually, these forces can be reduced
only by improving the accuracy of parts and assembly of the machine. In con-
stant operating conditions, raise of accuracy of parts enhances their reliability.
For example, improving accuracy of parts for a ball bearing and reducing radi-
al clearance from 20 to 10 um increases the service life of the ball bearing
from 740 to 1200 hours.

The accuracy of parts is also of great importance for the process of their
manufacturing. Improving the accuracy of parts increases the level of inter-
changeability and eliminates fitting in the process of machines assembly. Im-
proving the accuracy of workpieces decreases the amount of mechanical ma-
chining and makes it cheaper.

Two main tasks for accuracy are solved in mechanical engineering:

— the required accuracy of a machine and its parts is determined,;

— this accuracy is ensured in the process of manufacturing.

The first task is solved by design engineers and the second one is solved
by manufacturing engineers.

Determination of the necessary accuracy is the critical stage in the work
of design engineers. It is performed on the basis of the analysis of machine op-
erating conditions with regard to dynamic phenomena, the experience of oper-
ating machines of a similar type, geometry analysis and tolerance analysis and
also on the basis of specially set up experiments and tests on product proto-
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type.

To ensure defined accuracy, manufacturing engineers develop corre-
sponding manufacturing processes for manufacturing parts and assembling the
machines, they define necessary methods and means of accuracy inspection,
analyze practical accuracy of manufacture, they reveal causes of intolerable er-
rors when manufacturing if needed, and look for the ways to improve accuracy
of products.

1.3 Production and Manufacturing Processes

Production process is a set of all actions of people and tools needed at the
enterprise for manufacturing and repairing products. The process covers: prep-
aration of means of production and organization of workplace maintenance;
receipt and storage of materials and semi-finished products; all stages of manu-
facturing process, products assembly; transportation of materials, workpieces,
components and finished products; technical inspection at all stages of produc-
tion; packaging of finished products and other activities related to the produc-
tion of products. The most important element of the production process is the
process planning, which includes engineering design of the product and manu-
facturing process planning, and production scheduling as well.

Manufacturing process is a part of the production process, that incorpo-
rates actions aimed at changing and (or) defining the state of the subject of la-
bour. Various kinds of products are referred to the subjects of labour.

Manufacturing processes are divided into the processes of machining, as-
sembling, casting, heat treatment, coating, etc.

For implementation of any process a set of means of labour, called the
means of manufacturing, is required.

Means of manufacturing are divided into manufacturing equipment and
manufacturing tooling. Manufacturing equipment is the means of manufactur-
ing, in which materials and workpieces, as well as the tools, are placed to per-
form a certain part of the manufacturing process. Examples of manufacturing
equipment are machine tools, presses, casting machines, furnaces, electroplat-
ing baths, etc.

Means of manufacturing, which are supplementary to the manufacturing
equipment, are known as manufacturing tooling (cutting tools, dies, fixtures
for mounting workpieces, measuring instruments, etc.).

Manufacturing processes are performed at the work places. A workspace
Is an elementary unit of the company structure that incorporates various work-
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ers, manufacturing equipment or part of a production line, as well as tooling
and (for a limited period of time) articles of manufacture.

Manufacturing processes are divided into operations. Manufacturing op-
eration is a finished part of the manufacturing process that is accomplished on
a single workplace. Operation involves all actions of equipment and worker (or
workers) upon one or more simultaneously machined or assembled subjects of
production. During machining on a machine tool, operation comprises all ac-
tions of a machine operator, as well as automatic motions of the machine car-
ried out until workpiece is unloaded from the machine.

Operations are characterized by continuous action upon the subjects of
production. Let us take, for example, turning of a batch of stepped shafts which
are cut from a rolled bar into workpieces a little bit longer than the length of a
finished shaft. If each shaft is turned at one end first, then reclamped and
turned at the other end, then the turning of the shafts is a single operation. If all
the shafts of a batch are turned at first end and then these shafts are turned at
the other end, then the turning of the shafts constitutes two operations.

The content of operations may vary widely — from work performed on a
single machine to the work performed on the production line.

Names for operations are given according to the technological equipment
on which these operations are performed. The examples are: turning, milling,
automatic, pressing, etc.

The operations are numbered in arithmetic progression (5, 10, 15,...). Ze-
ros can be added to the left of the numbers.

Operation is an essential part of the manufacturing process in terms of or-
ganizational and economics. Operations are assigned by the standards of time,
which determine work-intensiveness of the manufacturing process, required
number of production workers and required means of production (equipment,
fixtures, tools, etc.).

Operations are divided into set-ups, positions, processing steps and cut-
ting passes.

Set-up is a part of a manufacturing operation performed with the ma-
chined workpiece or assembled unit being constantly clamped.

For example, if the stepped shaft during turning operation is clamped and
turned at one end and then reclamped and turned at the other end, thus, the op-
eration consists of two set-ups.

Set-ups are denoted by capital letters of the alphabet (A, B, C, ...).

Position is a fixed orientation of a workpiece or an assembly unit being
constantly clamped together with the fixture, relative to the tool or stationary
part of the machine during a part of a manufacturing operation.

Fig. 1.4 shows a drilling operation performed on the two-spindle drilling
machine with a rotary table. The table is equipped with three three-jaw chucks
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for holding the workpieces. The workpiece is clamped in a chuck in the first
position (1), and then rotated by the table to the second (Il) and the third (I11)
position, in which the hole is drilled and enlarged respectively. Afterwards, the
workpiece comes back to the first position where it is unloaded from the ma-
chine and replaced with the next workpiece.

Thus, the constantly clamped workpiece successively takes three different
positions relatively to the cutting tool, i.e., the operation comprises three posi-
tions. For the purposes of denoting positions the Roman numerals (I, 11, 111, ...)
are used.

Fig. 1.4 Machining of a workpiece on the dual-spindle machine

Processing step is a finished part of the manufacturing operation per-
formed by the same means of technological equipment with the technological
parameters and clamping being unchanged.

Processing step is characterized by application of the same type of a tool,
or machining/assembling the same surfaces of parts, as well as constant tech-
nological parameters.

Turning operation, shown in Fig. 1.5 a, contains two processing steps
(turning of the surface 1 is the first step and turning of the surface 2 is the se-
cond step). When a single surface is cut by a single instrument, the processing
step is called simple or elementary. Fig. 1.5 b shows turning operation carried
out at a single processing step with two surfaces being turned (1 and 2) with
two cutting tools. Such processing step, when several tools are used simultane-
ously is called complex processing step (Fig. 1.5, b).

When the parts are machined on the CNC machines, a set of surfaces can
be successively cut by a single cutting tool (by a cutter, for example) as it
moves along a path defined by the program. In this case the processing step is
called an instrumental step.
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The names of processing steps are given in the imperative mood (turn the
surface ..., cut the thread ..., broach the slot ...). Processing steps are numbered
by natural numbers (1, 2, 3 ...).

1 2 1 2

Fig. 1.5 Sketches of turning operations: a — simple; b — complex processing steps

Structure of a manufacturing operation is defined by composition, content
and sequence of implementation of the processing steps.

Manufacturing operation can be composed either on the basis of concen-
tration or differentiation of processing steps. The concentration implies that
the maximum possible number of processing steps is included in the operation.
In the extreme case, the process of parts manufacturing may consist of only a
single operation. When the differentiation principle is used, the number of pro-
cessing steps within an operation tends to minimum. In the extreme case, the
manufacturing operation may include only one processing step.

Along with the processing steps, auxiliary steps are implemented.

Auxiliary step is a finished part of the manufacturing operation that con-
sists of actions of a worker and (or) equipment that are not accompanied with
changing the properties of the subjects of labour, but are necessary for pro-
cessing step execution.

Examples of auxiliary steps include setting up the workpiece, tool change,
for example, by indexing the lathe tool post, etc.

Processing steps are divided into cutting passes.

Cutting pass is a finished part of the processing step and consists of a sin-
gle movement of the cutting tool relative to the workpiece, accompanied by
change in shape, size, surface quality and properties of the workpiece.

Action is a finished set of worker activities performed during the pro-
cessing step or its part, united by one purpose. For example, to set the work-
piece into the fixture it is necessary to perform the following actions: take the

17



workpiece from the container, place it into the fixture and clamp the workpiece
in the fixture.

1.4 Standard Time

As it was already noted, the manufacturing operation is the main element
of the manufacturing process. Time and cost of the operation are an important
criterion of its effectiveness for a given production plan.

Production plan is a list of products, for a given enterprise, that are manu-
factured or repaired with the specified production volume for a planned period
of time. Production volume is the amount of products of certain types, sizes
and designs, manufactured or repaired by the enterprise within the planned pe-
riod of time (usually — during one year). Volume of production is crucial for
the manufacturing process planning and layout.

For a given volume of production the products, in most cases, are manu-
factured in batches or lots.

The production batch is the portion of products that is launched into
manufacture in a certain period of time. Production batch or its part that is de-
livered to the workplace for machining operation is called operation batch.

Any manufacturing operation requires a certain amount of working time
of equipment and workers. Calendar period of time from the start to the end of
the operation, regardless of the number of simultaneously machined or re-
paired products, is called the operation cycle.

The period of time equal to the ratio of the operation cycle to the number
of simultaneously machined or repaired products or equal to calendar time of
assembling operation is called the operation cycle per part (OCPP).

In non-automated production the OCPP is defined by the following equa-
tion:

too =1, +t, +1, +1,,
where t,, is the machining time; t, is the auxiliary time; t,, is the workplace
maintenance time; t, is the worker rest time’

The machining time is spent on the change and (or) the subsequent defini-
tion of the state of the subject of labour. This time can be of machine, ma-
chine-manual or manual type. The machining time for each processing step is
calculated as follows:

_Li
m Sm
where L is the estimated cutting distance (length of the cutting tool trav-
el, mm); 1 is the number of passes of the given processing step; S, is the feed
rate of the cutting tool in mm/min.

t
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With the manual feed of the cutting tool to the workpiece:
L=1+1,+1,,
where | is the length of the surface to be machined; lg, is the distance of cutting
tool engagement with the workpiece; l,, is the tool over-travel distance.
For the automatic machining cycle:

L:I+Ien+lov+lap,

where |, is the distance of the tool approach to the workpiece in order to avoid
collision in the beginning of machining.

The length | is found with the help of the drawing, the distances of en-
gagement and overtravel are commonly taken equal to 1 mm. The value of the
length of engagement is found geometrically. For longitudinal turning (Fig.
1.6, a) |, =t-tgo, where t is the depth of cut; ¢ is the cutting edge angle. For

drilling with standard twist drills (Fig. 1.6, b) I, =0.3-d., where d. is the di-
ameter of the drill. For slot milling with a slotting milling cutter (Fig. 1.6, c)
l, =+/t(d,, —t), where d, is the milling cutter diameter.

Sl T2y

i
,i,@%i
|

Z l en | ! lap

. |
/ | = i7 7 I‘
Ate < —t—

a b c

Fig. 1.6 Diagrams for calculation of the estimated cutting distances during turn-
ing (a), drilling (b) and slot milling (c)

Auxiliary time is the part of the OCPP required to perform actions needed
to ensure changes and the subsequent definition of the state of subjects of la-
bour. Auxiliary time is spent on loading, clamping and unloading of the work-
piece or the component of the unit being assembled, operating the machinery,
feeding the cutting tool to the workpiece and its withdrawal, measurement of
the workpiece, etc. Auxiliary time can be defined as the amount of time for all
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the auxiliary steps of the operation. The time needed for the execution of the i"
auxiliary step t,, which is a set of m actions is calculated as:

j=m
ti= Z taj '
j=1

where t;; is the time needed for the jth action. The time needed for each action
Is specified according to the auxiliary time standards, which take into account
specific conditions of the operation.

The sum of machining time and auxiliary time is called operation time t,,.
It should be noted that only the portion of the auxiliary time that is not over-
lapped by the machining time is included into the t,,. For example, during the
drilling operation shown in Fig. 1.4, loading, clamping and unloading of work-
pieces is performed during the machining in positions Il and Ill, so the time
spent on these activities should not be included into the operation time.

Workplace maintenance time is a part of OCPP spent by a worker to ser-
vice the manufacturing equipment and maintain it and the workplace in work-
ing condition. It is commonly accepted to distinguish between equipment
maintenance time and workplace preparation time, i.e. consider that:

ty =t +t,.

Equipment maintenance time (EMT) is spent on changing blunt cutting
tools, adjusting machinery, chip cleaning and swarf removal from the machin-
ing area. The EMT is taken in percents (up to 6%) of the operation time or ma-
chining time or taken according to standards depending on the type of work
performed.

Workplace preparation time (WPT) includes the time required for clean-
ing and preparing the workplace for work, lubricating the machine at the end
of the shift and other similar actions during the shift. This time is taken as a
percentage of the operation time (0.6 ... 8%).

Rest time is spent on the personal needs of a worker and on breaks during
tedious work. This time is also taken as a percentage of operation time (about
2.5%).

In practical calculations, OCPP is calculated by the simplified equation:

+B+
Loc :top(l'i' = 150 Y_j’

where a, B, y — the EMT, WPT and rest time, respectively, in percentage of the
operation time. Values for a, 3, y are taken according to the standard times.
For the automatic equipment the OCPP is determined by the following

equation:
(00
tOC = top(l-i_ m) .
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When parts are manufactured in batches, the set-up time t is calculated.
Setup time is defined as a period of time, spent on the preparation of the per-
former or performers and technological means for manufacturing operation
and bringing these means in order after the end of the shift and (or) operation
performed for the batch of subjects of labour. Set-up time is spent by a worker
to get acquainted with drawings and technical documentation, to prepare and
set-up the equipment, tools and fixtures, to remove and deliver cutting tools
and fixtures to the store room after manufacturing a batch of parts.

The time spent to manufacture a batch of parts on the operation is:

t, =t +t,.n,
n is the number of parts in the batch.

Allocation of hours required to perform certain operations and manufac-
turing process as a whole is one of the most important tasks of the manufactur-
ing resource planning, which implies defining technically sound standards of
resources consumption (work time, materials, tools, etc.).

Standard time is a regulated time for performing amount of work in cer-
tain production conditions by one or several workers of appropriate qualifica-
tion.

It is common to distinguish between standard times for operation cycle
per part, operation time, machining time, auxiliary time and set-up time.

If the products are manufactured continuously, then the standard time of
the OCPP t,. is used as the standard time H, for an operation, i.e.:
Ht =15
If the products are manufactured in batches, then the sum of the OCPP t,,
and portion of the setup time ts per one part of a batch is used as the standard
time H; for the operation, i.e.:
— tS
H,=t,+ o
The reciprocal of the standard time is called the standard production rate.
Standard production rate is the rated amount of work that must be per-
formed per unit of time in certain organizational and technical conditions, by
one or more workers of appropriate qualification. Production rate can be ex-
pressed, for example, in a number of workpieces to be machined per unit of
time.
To determine standard time the following three methods are used:
— method of calculations according to the technical standard times;
— method of calculation based on observation of working time;
— method of comparison and calculations based on extended standard
time.
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Standard time is set based on the analysis of the composition of actions of
the worker and production equipment at its most advantageous use.

In the first method a standard time for an operation is calculated based on
elements of work with the use of standards which specify the estimated time
needed to perform these elements of work. In the second method the standard
time is set based on the time study of the working process, which is observed
directly in the production environment. Commonly, two basic methods of time
study by observation are distinguished: the work sampling and workday time
study. During the work-sampling the attention is focused on measuring the
time spent on manual and machine-manual elements of the operation (for ex-
ample, time spent on mounting and clamping a workpiece) to basic times for
these elements, as well as to develop on this basis, the relevant standard times.
Workday time study involves measurement of working time during a shift or
several shifts. Its main purpose is to determine losses of working time, to set
standard time for workplace maintenance and breaks. In the third method
standard time is determined approximately by the extended standard times,
which are developed on the basis of comparison and calculation of typical op-
erations.

1.5 Methods of Production

Different goods of mechanical engineering manufacture are produced in
different quantities depending on the requirements. Some goods are produced
in a single copy; the others are produced in hundreds of thousands.

Three methods of manufacturing can be distinguished, depending on the
variety and volume of production. These methods are job production, batch
production and mass production. Batch production is subdivided into small-
batch production, medium-batch production and large-batch production.

Method of production is defined according to production factor ky that is

the ratio of number of all different operations done or to be done during a
month to the number of working places. In other words, this factor shows the
average amount of operations done or to be done for the one working place
during a month. Production factor is: 1 for mass production; from 1 to 10 for
large-batch production; from 10 to 20 for medium-batch production; from 20
to 40 for small-batch production; 40 and more for job production.

Job production is characterized by a small volume of outputting similar
products. Their remanufacturing and repairing are, as a rule, not planned. Job
products are machines of restricted application (prototype machines, large hy-
dro-turbines, unique machine tools, roll mills etc.).
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The characteristic feature of job production is performing (at working
places) the great number of various operations that may never be repeated. Job
production should be very flexible in this connection. General-purpose equip-
ment and standard production fixtures are used in job production. Equipment
in workshops is arranged according to its type (a turning machines sector, a
milling machines sector, etc.). Manufacturing processes are not usually devel-
oped in detail. Qualification of the most workers in job production is high.

Batch production is characterized by manufacturing or repairing products
in periodically repeated batch lots. Products produced in batches are steady
state machine types (metal cutting machine tools, wood-working machine
tools, pumps, compressors, aviation engines, etc.) manufactured in significant
quantities. This method of production is the most widespread (75-80 per cent
of all the products of mechanical engineering are batch products).

The characteristic feature of batch production is relatively small amount
of periodically repeated operations (at working places). Both special fixtures
and tools and universal fixtures and tools are used in batch production. Equip-
ment in the workshops is arranged according to the manufacturing process or
according to its type (small-batch production). Manufacturing processes in
batch production are developed in details. Qualification of the most workers is
in general lower than in job production but it is still high, for example, for op-
erating the CNC machines.

Mass production is characterized by a large volume of outputting prod-
ucts, manufactured or repaired continuously for a long period of time, during
which one operation is done at the majority of working places. Mass products
are products for the wide range of customers (automobiles, tractors, low-power
electric motors, rolling bearings, etc.).

Special high-performance equipment and production accessories are used
in mass production. As a rule, equipment in workshops is arranged strongly
according to the manufacturing process. Manufacturing processes in mass pro-
duction are developed in considerable details. Qualification of the most work-
ers is in general low but highly-qualified service engineers are required.

Subdividing the production into the methods is, in a way, relative and is
done according to the predominate production. For example, production of
bearings in a ball bearing plant is mass. Job production does take place in a re-
pairing shop of the factory.

Two methods of operation are applied in mechanical engineering: flow
production and non-flow production. Flow production is characterized by ar-
ranging the equipment according to the sequence of operations in the manufac-
turing process and definite time intervals of products output. The time interval,

23



during which products or workpieces of certain names, standard sizes and
modifications are periodically issued is called Takt time

td:Fa/N’

where F, — actual available hours of equipment operation in the scheduling pe-
riod (a year, a month, a day, a shift, an hour); N — the volume of production for
the same period.

Nominal annual available hours of equipment operation is 2070 hours for
one-shift work, 4140 hours for two-shift work and 6210 hours for three-shift
work. Actual annual available hours of equipment operation (with regard to
loss of time for equipment repair) for one-, two- and three-shift work is 2030,
4015 and 5965 hours, respectively.

In flow production, the work is performed on the production line. In gen-
eral, the condition for organizing the flow is the multiplicity of time for each
manufacturing operation to the Takt time:

t
Gk (k=123...),
td

where t,. —operation cycle per part of i™ manufacturing operation.

Bringing the times of operations to the required condition is called pro-
duction flow synchronisation. It is achieved by the corresponding sequencing
of manufacturing operations and sometimes by using the so-called doubling
machine tools, i.e., for example, using not one but two machines for some op-
erations. One product rolls off a flow line for the time equal to Takt time.

The amount of products or workpieces of certain types, sizes and modifi-
cations manufactured per time unit is called production rate. Ensuring the giv-
en production rate is the most important task in planning of manufacturing
processes in mass and large-batch productions.

It is often impossible to organize flow production for the manufactured
products in batch production due to low use of equipment for small volumes of
output. In this case the variant of a flow method of production, called flexible
flow-production, is used.

In flexible flow-production, each machine on the production line per-
forms a set of operations. During a definite period of time (usually several
shifts), machining of workpieces of the same size is performed on the line.
Then the line is readjusted for machining workpieces of the other size, etc.

Flow production can:

— reduce production cycle considerably (in dozen times);
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— reduce inter-operational buffers and work-in-process;

— apply high-performance equipment and reduce labour intensity of pro-

duction;

— simplify production control.

In case of small volume of production, non-flow production is used. It is
used in batch and job productions. In non-flow production operation time is
not synchronized. Buffers of workpieces (assembly units) that are necessary
for workplace capacity are created at workplaces. In non-flow production, the
maximal technological action upon the subject of labour is tended to be done at
every working place, the amount of operations in manufacturing process is
aimed to be reduced, that is to design the manufacturing operations on the ba-
sis of concentration of processing steps.

1.6 Productivity

Productivity Q is the volume of production W issued per time unit t :
Q=W/t.

There are machine tool productivity, labour productivity, manufacturing
process productivity, employee productivity and social labour productivity.
Machine tool productivity is calculated by the volume of material re-

moved from the workpiece or by the area of the machined surface per unit of
time. Machine tool productivity depends on its power, quality of the tool and
machining parameters.

Employee productivity is measured by the amount of products manufac-
tured by the employee during the unit of working time. For example, produc-
tivity of a machine tool operator is defined by the amount of parts manufac-
tured for an hour or for a shift. Employee productivity depends on the produc-
tivity of equipment, labour intensity and work organisation.

Automatic machine productivity that fulfills functions of an ordinary ma-
chine tool is measured in the same units as the employee productivity.

Manufacturing process productivity is measured in production units or in
rubles per time unit. Manufacturing process productivity depends not only on
the productivity of the equipment and employee productivity but also on the
level of manufacturing process organization, planning and management.

Employee productivity characterizes operational efficiency of all the cor-
porate team. It is measured by the amount of production in rubles manufac-
tured for the time unit per one employee.
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Social labour productivity is measured by comparing the amount of pro-
duction manufactured for some time period with labour costs. In this case the
costs of preceding labour used for creating equipment, buildings, operating
costs of materialized labour (basic and additional materials, electric energy,
tools, etc.) and current costs of direct labour are taken into consideration.

Manufactured production is measured either in natural values (pieces,

mass or volume units) or in rubles. Total labour costs are either in abstract la-
bour units (employee-hour, employee-day) or in rubles.

1.7 Prime Cost of a Product

Manufacturing a product requires expenses of live and materialized la-
bour. Expenses for materials, jigs, fixtures and tools and salary connected with
making the product and expressed financially are called shop costs that will be
further called just (prime) costs.

There are machine prime cost, prime costs of machine assembly units and
components. It is possible to evaluate the prime costs for separate operations of
the processes of parts manufacturing and machines assembling.

Prime costs are defined by formula

C:§M+§{I+ F+T(1+ al+a?)3]

i=1 i=1 100

where M — expenses for materials for a unit of product without prime costs of
waste, rubles; E — amortization expenses, equipment maintenance for a unit of
product, rubles; F — amortization expenses, maintenance of fixtures for a unit
of product, rubles; T — amortization expenses, maintenance of tools for a unit
of product, rubles; a; — charging for salary expenses for social needs, %; a, —
burden costs charged for salary expenses, %; p — the number of different mate-
rial grades for a unit of product; m — the number of operations for a unit of
product while manufacturing; S — salary expenses of the direct labours for a
unit of product.

There are planned and actual prime costs.

Planned prime cost is calculated to evaluate possible expenses for manu-
facturing a machine, a separate component or for performing operations of the
manufacturing processes. Planned cost is necessary to choose the most cost-
effective variant of manufacturing process or its separate operation.

Actual prime cost reflects the expenses that took place in production pro-
cesses and manufacturing processes.
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Comparison of planned and actual prime costs helps to conclude about the
conformance of the actual manufacturing process to the planned one and it
helps to improve the present technology.

Thus, prime cost of a unit of production is the primary indicator of eco-
nomic efficacy of production processes and manufacturing processes.
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Review Questions

Name types of products in mechanical engineering.

What is a life cycle of a product?

What parameters characterize quality of products?

What is manufacturability of a product design?

What parameters characterize accuracy of a part and of a machine?

How is continuous increase of machines accuracy explained?

What is the difference between manufacturing process and production

process?

8. What does the process planning include?

9. What is an operation?

10.What is a processing step?

11.What are manufacturing means?

12.What is operation cycle per part?

13.What part of the operation cycle per part is called machining time?

14.What part of the operation cycle per part is called auxiliary time?

15.What is set-up time?

16.What is work sampling and workday timestudy?

17.Name the main methods of production and give their brief character-
istics.

18.What is Takt time of products?

19.What is synchronization of operations?

20.What is the difference between flow and non-flow production?

21.What parameters are used to evaluate productivity?

22.\What costs are included in the shop cost?

NoOkowdPE
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2. Dimensional Chains and Principles of Part Locating

The task of ensuring the required accuracy of products manufacturing, as
already mentioned, is one of the most important in mechanical engineering.
Fundamentals of part locating and dimensional chains are the basis for solution
of this task.

2.1 Fundamentals of Part Locating

2.1.1 General Concepts of Datums and Locating

A certain relative position of parts and assembly units should be provided
for normal operation of any machine. During machining, workpieces must be
located on the machine table or in a fixture with the required level accuracy.
The same task arises during the measurements, when the workpiece or product
and a measuring instrument (attachment, device) must also be set relative to
each other with the required accuracy.

The process of workpiece or product mounting can be divided into locat-
ing and clamping. Locating is the process of giving the workpiece or product
the desired position relative to the selected coordinate system. Clamping is the
application of forces and couples of forces to the workpiece or the product to
ensure steady position, reached by locating.

Surface or set of surfaces, an axis or a point that belongs to the workpiece
or the product and is used for locating is called the datum.

Workpieces and products are considered as absolutely rigid bodies during
the process of locating.

The locating rules are based on the known concept of theoretical mechan-
ics that state the position of a free rigid body has six degrees of freedom in the
selected coordinate system. It can be moved along the three axes and rotated
about these axes. Therefore, to give the body the required position it is neces-
sary to constrain these degrees of freedom. For doing this, one need to con-
strain (fix) six independent coordinates of the body. Moreover, each coordinate
serves as a bidirectional restraint that constrains freedom of movement along
this coordinate.

Let us first consider locating of a prismatic workpiece in a system of co-
ordinates XYZ (Fig. 2.1, a). To locate the workpiece the following coordinates
must be set: 1-1 2-2 3-3/, 4-4’, 5-5"and 6-6". These coordinates constrain all
six degrees of freedom:
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— coordinates 1-17 2-2”and 3-3”— movement along the axis Z and rota-
tion about the axes X and Y;

— coordinates 4-4” and 5-5” —movement along the axis Y and rotation
about the axis Z;

— coordinate 6-6 "— movement along the axis X.

Z

-5 | /Y

b
Fig. 2.1. Locating of a prismatic workpiece:
a—in a coordinate system XYZ, b — by aligning workpiece locating datums with lo-
cating elements of the fixture

The mounting of a workpiece in the fixture is carried out by aligning
workpiece locating datums with locating elements of the fixture. As a result,
workpiece coordinates are turned into six locating points that are on the work-
piece datums (Figure 2.1, b).
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Similarly, the relative position of the attached component to the other
component (the basic component) is defined through a combination of their da-
tums.

Thus, we get the six-point locating principle, which implies that to locate
the workpiece relative to the fixture (or attached component relative to the oth-
er one) it is necessary and sufficient to have six locating points which constrain
by one degree of freedom of the workpiece (the component being attached).

These locating points are usually located on three datums, which are
called a set of datums.

To indicate the locating point there is a special symbol (Fig. 2.2). Ar-
rangement of the locating points on the datums of a workpiece or a product is
called locating scheme.

10
( 60° [
L ; o
A G

a b

Fig. 2.2 Designation of the locating point:
a — on the front and side view, b - on the top view

All locating points on the locating scheme are numbered by sequence
numbers, starting from the datum that incorporates the greatest number of lo-
cating points. Moreover, the number of projections of the workpiece or the
product should be sufficient for an unambiguous representation of the locating
points position. When locating points are superimposed on a projection, only
one point is drawn with denoted numbers of these points.

The scheme of locating a prismatic workpiece for the above example (see
Fig. 2.1) is shown in Fig. 2.3.




Fig. 2.3 Scheme of a prismatic workpiece locating

Now consider locating of a shaft and a disc in the Cartesian coordinate
system. In these cases, along with the other coordinates, the coordinates of
points located on the axis of the cylindrical surface of the workpiece are most
often specified (Fig. 2.4).

X 3!

Fig. 2.4 Locating of a shaft (a) and disc (b) in a XYZ coordinate system

Coordinates 1-1/ 2-2/ 3-3”and 4-4”(Fig. 2.4, a) constrain movements of
the shaft along axes Y and Z and axes and rotation about the same axes, the co-
ordinate 5-5’ constrains movement along the axis X and coordinate 6-6" con-
strain rotation about this axis.

Because of the small length of the cylindrical surface of the disc it is pos-
sible to specify coordinates of only two points located on its axis (Fig. 2.4, b),
but at the end of the disc the coordinates of three points can be specified. Co-
ordinates 1-1/ 2-2/ 3-3”constrain movement of the disc along the X axis and
rotation about the axes Y and Z and coordinates 4-4"and 5-5constrain move-
ment along the axes Y and Z respectively and coordinate 6-6’ constrains rota-
tion about the axis X.

Thus, all six degrees of freedom are constrained for the shaft and the disc.

Locating schemes for the shaft and the disc are shown in Fig. 2.5, a and
2.5, ¢, and mounting of these parts in a self-centering chuck are shown in Fig.
2.5,band 2.5, c.
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Fig. 2.5. Locating schemes and the corresponding mounting of a shaft (a, b) and a
disc (c, d)

It should be emphasized that the locating points 1, 2, 3 and 4 on the locat-
ing scheme of the shaft (Figure 2.5, a) and the locating points 4, 5 on the locat-
ing scheme of the disc (Fig. 2.5, ¢) are imaginary.

2.1.2 Classification of Datums

Datums are distinguished according to application, number of constrained
degrees of freedom and the nature.

According to application, all datums are divided into functional datums,
manufacturing datums and measurement datums.

Functional datum is the datum used to determine the position of the part
or assembly unit in the product. Functional datums, in turn, are divided into
primary and auxiliary functional datums. The primary datum is the datum that
belongs to the given part or assembly unit and is used to determine their posi-
tion in the product. The auxiliary datum is the datum that belongs to the given
part or assembly unit and is used to determine the position of other compo-
nents that are being attached to the given one. Fig. 2.6 shows an example of
sets of primary and auxiliary datums of a part (housing). It should be noted that
any part may have only one set of primary datums and as many sets of auxilia-
ry datums, as many parts or assembling units is attached to it.
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Fig. 2.6 Example of sets of primary and auxiliary datums of a housing
(1, 1, 11— primary datums; 1V, V, VI — auxiliary datums)

Manufacturing datum is the datum used to determine the position of the
workpiece or the product during manufacturing or repairing. Some examples
of sets of manufacturing datums have been discussed above.

Measurement datum is the datum used to determine the relative position
of the workpiece or the product and measuring instruments. An example of
measurement datum is given in Fig. 2.7.

Fig. 2.7 Representation of measurement datums of a part
(A — measurement datum)

Depending on the number of the constrained degrees of freedom, the da-
tums are divided into the plane, guide, point, double -guide and a double-point
datums.

Plane datum constrains three degrees of freedom of the workpiece or the
product — movement along one coordinate axis and rotation about the other
two axes. In the examples given above, the plane datum is the bottom surface
of the prismatic workpiece (Figure 2.3) and face of the disc (Fig. 2.5, b). The
plane datum should have the maximum possible area so that the locating points
can be located as far as possible from each other, ensuring the stability of the
workpiece or the product.

Guide datum constrains two degrees of freedom of the workpiece or the
product — movement along one coordinate axis and the rotation about the other
axis. Guide datum on Fig. 2.3 is a plane of a prismatic workpiece, on which
locating points 4 and 5 are positioned. The guide datum should be the most
possible extended so that the locating points are spread to the greatest distance,
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ensuring minimum deflection of the workpiece or the product in the corre-
sponding coordinate plane.

Point datum constrains one degree of freedom of the workpiece or the
product — movement along one coordinate axis or rotation about one coordi-
nate axis. In the examples given above, the point datum is the plane of the
prismatic workpiece (see Fig. 2.3), on which the locating point 6 is positioned,
the disc face (see Fig. 2.5, a), on which the locating point 5 is placed, and the
side walls of the keyways of the shaft and the disc (see Fig. 2.5, a and c), on
which the locating points 6 are located. Surface of any dimensions may be
used as a point datum.

o '3
. ' l. \ y
Fig. 2.8 Diagram of a double guide datum composed of cylindrical surfaces

7 — shaft blanket; 8 — regulating wheel; 9 — supporting knife; 10 — grinding wheel;
11 — workpiece stop

Double-guide datum constrains four degrees of freedom of the workpiece
or the product - movement along two axes and rotation about the same axis.
This datum must be of the maximum possible length to provide the least de-
flection of the workpiece or the product. In Fig. 2.5, a the double-guide datum
Is the axis of the cylindrical surface of the shaft.

Commonly, the double-guide datum is formed as a combination of either
two cylindrical or conical surfaces or as a combination of cylindrical and coni-
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cal surfaces. Here, each of said surfaces has a small length. The role of double-
guide datum can be performed, in the first case, by the shaft necks' (Figure
2.8), which are used to mount the shaft on the supporting knife and the regulat-
ing wheel in centerless grinding; in the second case by the center holes, with
the help of which the shaft is installed in the centers of the cylindrical grinders
or lathes (Figure 2.9); in the third case by the cylindrical surface and the center
hole of the shaft, with the help of which the shaft is set in the three-jaw self-
centering chuck and tailstock center of the lathe respectively (Figure 2.10).
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Fig. 2.9 Double-guide datum created by Fig. 2.10 Double-guide datum created by
center holes in a workpiece a cylindrical surface and a center hole

Double-point datum constrains two degrees of freedom of the workpiece
or the product - movement along two axes. An example of a double-point da-
tum is the axis of the cylindrical surface of the disc (see Fig. 2.5, ¢).

The following sets of datums are called typical: the first set includes
plane, guide and point datums, the second set includes double-guide and two
point datums, the third set includes plane, double-point and point datums.

By nature, all datums are divided into real and virtual.

Real datum is the datum of the workpiece or the product in the form of a
real surface, scribed line or point of intersection of the scribed lines.

Virtual datum is the datum of the workpiece or the product in the form of
an imaginary plane, axis or point.

In the examples mentioned above, the real and virtual datums are as fol-
lows:

— for the prismatic workpiece (Figure 2.3), all three datums (the plane,
guide and point) are real;

— for the shaft (Fig. 2.5, a), the double-guide datum (the axis of the cy-
lindrical surface) is the virtual one, the point datums are real ones;

— for the disc (Fig. 2.5, ¢), the plane and point datums are real, double-
point datum (the axis of the cylindrical surface of the disc) is virtual;

YIn this case, the surface that is machined is a manufacturing datum
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— for the shaft (Fig. 2.8), the double-guide datum and a point datum
(face) are real, another point datum is virtual;

— for the shaft (Fig. 2.9), the double-guide datum (common axis of the
center holes) and two point datums (one of which is the vertex of the
front center hole cone) are virtual,

— for the shaft (Fig. 2.10), the double-guide datum (common axis of the
part of the cylindrical surface and the center hole) and one point datum
are virtual, the other point datum (face) is real.

It should be noted that the locating point 6, positioned on the virtual point
datums (Fig. 2.8 - 2.10), designates the fact that the shaft, at each moment of
time, takes specific angular position in the machine coordinate system, i.e. rel-
ative to the supporting knife and regulating wheel of the centerless grinding
machine (Fig. 2.8), or relative to the centers of the cylindrical grinding ma-
chine (Figure 2.9), or relative to the three-jaw chuck of the lathe (Figure 2.10).

According to application

Functional ——
primary ———
auxiliary ———

Manufacturing ——

Measurement ——

Depending on
the constrained DC

= Plane
= Guide

N~ Point ——
N = Dnithle-niide —

Fig. 2.11 Classification of datums

Fig. 2.11 shows a diagram of the classification of datums. According to
this diagram, the full name of the datum should include all three classification
parameters. For example, the position of the shaft (Figure 2.8) is determined
by the following datums: manufacturing double-guide real datum, manufactur-
ing point real datum, manufacturing point real datum. Names of the datums
can be simplified, denoting only those classification parameters that are of in-
terest at the point of time: double-guide virtual datum, plane real datum, guide
datum, etc.
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2.2 Fundamentals of Dimensional Chain Theory

2.2.1 Basic Concepts and Definitions

Dimensional chain is a sequence of dimensions, directly involved in the
task being solved, and forming a closed circuit.

For example, a set of dimensions A, A,, and A, (Figure 2.12, a) form a
dimensional chain that determines size of a gap Ax.

The dimensional chains are usually represented as separate diagrams
(Figure 2.12, b, d).

Dimensions that form the dimensional chain are called component dimen-
sions.

Component dimensions can be either linear (Fig. 2.12, a) or angular (Fig.
2.12, ¢).

Linear component dimensions are usually denoted by capital letters of the
alphabet (A, B, ...) and angular component dimensions are denoted by lower
case letters of the Greek alphabet (B, v, ...) with the exception of the letters o,
9, {, A, . In some cases, other variables can be used.

In any dimensional chain there is one dimension that is called resulting,
and the others dimensions are component dimensions.

Resulting dimension of a dimensional chain is initial in the task statement
and is a result of the task solution.

For example, it is obvious that the values of the dimensions A; and A,
must be determined depending on the desired clearance value A, (Figure 2.12,
a). Therefore, a dimension A, in the chain is considered as a resulting. It is al-
so obvious that this component dimension would be obtained last during the
assembly of the mechanism. The same can be said about the component di-
mension [, considering the dimensional chain that is shown in Fig. 2.12, c.
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Fig. 2.12 Assembly dimensional chain

The resulting dimension is denoted by the index A.

The component dimensions of a dimensional chain are divided into the
increasing and decreasing dimensions.

Increasing dimension is the dimension which increase will result in an in-
crease of the resulting dimension value.

Decreasing dimension is the dimension which increase will result in a de-
crease of the resulting dimension value.

In the dimensional chain shown in Fig. 2.12, a, the dimension A, is in-
creasing, and the dimension A, is decreasing.

Increasing dimensions are indicated by an arrow above the letter directed

to the right (Kl'), and decreasing dimensions are indicated by an arrow point-

ing to the left (A,).

The task of identifying increasing and decreasing dimension of short di-
mensional chains is quite simple. With the increasing number of component
dimensions in the dimensional chain, this task becomes more complicated, and
to facilitate its solution it is appropriate to use the following method. The re-
sulting dimension is conditionally assigned the index of a decreasing dimen-
sion, i.e. the arrow over its letter is directed to the left (Fig. 2.13). Then, the
dimensional contour is looked through in this direction, and the arrows are
placed on the tops of the component dimensions. If the arrow is pointed to the
right then the dimension is increasing, and if the arrow is pointed to the left
then the dimension is decreasing.
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Fig. 2.13 Diagram of a dimensional chain. The line with the arrows shows a tracking
sequence to identify increasing and decreasing dimensions

Depending on the application all dimensional chains are divided into
functional, manufacturing and measurement dimensional chains. The first one
is used during the stage of engineering design of a product, the second ones are
used on the stage of the product manufacturing, and the third ones are used
during measurement of the parts.

Functional dimensional chains are divided into assembly dimensional
chains and component dimensional chains. Examples of assembly dimensional
chains are shown in Fig. 2.12. An example of component dimensional chain is
shown in Fig. 2.14. Here A; and A, are component dimensions (values of these
dimensions are indicated on the drawing of a part), A, is the resulting dimen-
sion (its value is not indicated on the drawing of a part).

Fig. 2.14 Component dimensional
chain

Manufacturing dimensional chains are solved for the processes of assem-
bling machines and manufacturing processes (production of parts).

Manufacturing dimensional chains are divided into two types. In the
manufacturing dimensional chains of the first type, the component dimensions
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A are the dimensions of the machine tool, fixture and cutting tool, and result-
ing dimension is the size of the machined workpiece (Fig. 2.15, a). In the man-
ufacturing dimensional chains of the second type, the component dimensions
are the manufacturing dimensions of the workpiece that are obtained from the
different operations. The resulting dimensions in these chains are the function-
al dimensions (taken from the drawing) and dimensions of machining allow-
ances. Fig. 2.15, b shows a schematic diagram of grinding of the face of the
workpiece performed on the surface grinder and manufacturing dimensional
chains of the second type. The functional dimension K (size of the chamfer) is
the resulting dimension in the dimensional chain with the component dimen-
sions A;, A, and Ag, and the allowance Z is the resulting dimension in the di-
mensional chain with component dimensions A; and As. (The manufacturing
dimensions A; and A; are obtained from the preceding turning operation, the
manufacturing dimension Az is obtained by face grinding.)

-
- A3 - AZ -l AI‘/
/
I I 7_ 1 _}
A, _—
— |
A, L\ yau
-
a
N
| 3
|
| < <
|
|

/i

b

Fig. 2.15 Manufacturing dimensional chains that are obtained during machining:
a - the first type, b - the second type
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The component dimensions of dimensional chains can be arranged in one
or more parallel or non-parallel planes. In the first case, the dimensional chain
is called planar dimensional chain, in the second case — spatial dimensional
chain. The component dimensions in planar chains can either be parallel or not
parallel to each other. Fig. 2.16 shows planar dimensional chain, in which the
component dimension Az is at an angle a relative to the direction of the result-
ing dimension. Such a dimension is included in the dimensional chain as its
projection (A%) on this direction. Moreover, the angle a is considered as con-

stant and A, = A,coso.. Assume that the dimension A; =100"%5 and the angle
o =30°. The nominal value of this dimension is:
A} = A cosa = A;c0s30° =100-0.866 =86.6 (mm).
The limit deviations of the dimension A} are:
AA; =A A coso = A A;,c0830°=0.6-0.866=0.52 (mm);
AA; = A A c0s0 = A A;c0830° =-0.2-0.866 =-0.17 (mm).
Consequently, A; =86.6"353 mm.

Fig. 2.16 Planar dimensional chain
with non-parallel dimensions

Thus, any planar dimensional chain with non-parallel dimensions can be
reduced to a planar dimensional chain with parallel dimensions.

B Ay L A, _ A,
B A Ay
B, | A,
a
Ay . Ay G,
| B, j A,=B, j; A,=B, :‘ )

Fig. 2.17 Three types of relationships between dimensional chains:
a — parallel; b — sequential; ¢ — parallel-sequential
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Individual dimensional chains can be interconnected. By parallel-linked
chains are mentioned the dimensional chains that have one or more common
component dimensions. Sequentially linked chains are the dimensional chains,
in which each the next dimension has a common datum with the previous di-
mension. Parallel-sequentially linked chains have both parallel and sequential
connections. Examples of dimensional chains with different types of connec-
tions are shown in Fig. 2.17. It can be seen (Fig. 2.17, a) that dimensional
chains A (A1, Ay, Az, Ap) and B (By, B,, Bz, B,), have two common compo-
nent dimensions - A;=B, and A,=B;. Dimensional chains A and C (Figure
2.17, b) have a common datum. Dimensional chains A, B and C, shown in Fig.
2.17, b, have both parallel and sequential connections.

2.2.2 Basic Equations

Let us find the relationship between the basic parameters of the resulting di-
mension and component dimensions of the planar dimensional chain with par-
allel dimensions. For doing this, first examine Fig. 2.12, a.

It is clear that the nominal value of the resulting dimension A, will be:

—_— —

A, =A-A,.
In general, for a dimensional chain with n number of increasing dimen-
sions and p number of decreasing dimensions the following can be written:
n— p.—
i= i=
This equation is known as the dimensional chain equation or an equation
of nominal sizes.
By using the concept of transmission ratio &;, which is equal to +1 for in-
creasing dimensions and -1 for decreasing dimensions, the dimensional chain

equation can be written in a more compact form:
n+p

A, = Z ii Ai. (2.2)

It is obvious (refer to Fig. 2.12, a) that the maximum and minimum limits
of size of the resulting dimension A, would be expressed by the use of the lim-

its of size of the component dimensions A, and A, as follows:

AArrax = Atmax —A2nin |

AAm’n :Kan —Z\Zrmx .
In the general case:
n_— p—
AArmx = ZAirmx —ZAimin y (23)
i=1 i=1
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n — P —
AAmin = zAimin —ZAin‘ax . (2-4)
i=1 i=1

To establish relationship between tolerance of the resulting dimension and
tolerances of the component dimensions of a dimensional chain, let’s subtract
term by term equation (2.4) from equation (2.3). In this case, we can found:

n . p
TA, =2XTAI+XTA;
i=1 i=1
or finally
n+p
TA, =X TA,, (2.5)
i=1

I.e., tolerance of the resulting dimension is equal to the sum of tolerances
of the component dimensions.

Let us find the relationship between limit deviations of the resulting di-
mension and limit deviations of the component dimensions of a dimensional
chain. It follows from the scheme, shown in Fig. 2.18 that the maximum and
minimum limits of size of the component dimensions and resulting dimension
can be written as:

Airax = A+t A A (2.6)
Aiin =A+A A (2.7)
Anmex =AsHA AL (2.8)
A in =ALFA AL (2.9)

In the equations (2.6-2.9), A, A;, A, A, - are the upper deviations of the
component dimensions and the resulting dimension respectively; A /A;, A/A,

- are the lower deviations for these dimensions. Inserting these expressions into
Equations (2.3) and (2.4), the following can be found:

n o —. . P —
A+HAAL =2 AT+ALA) - (AT +HA A,
i=1 i=1

n o —. . p —
i=1 i=1
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Fig. 2.18 Diagram of dimensions, tolerance and deviations

Subtracting Equation (2.1) from these equations term by term, we can
formulate the following:

n —  p —
AAL=2A A XA A (2.10)
i=1 i=1
n  — p —
ANA,=2A A -2A A (2.11)
i=1 i=1

Thus, the upper deviation of the resulting dimension is equal to the differ-
ence between sums of upper deviations of increasing dimensions and lower de-
viations of decreasing dimensions, and the lower deviation of the resulting di-
mension is equal to the difference between sums of the lower deviations of in-
creasing dimensions and upper deviations of decreasing dimensions.

Let’s establish relationship between the coordinate of the center-line of
the resulting dimension (A, A, )tolerance zone and the coordinates of the cen-
ter-lines of the tolerance zones of the component dimensions (A, A;). To de-
fine the relationship, according to the diagram shown in Fig. 2.18, it is needed
to express limit deviations of the resulting dimension and component dimen-

sions by means of the tolerance and coordinate of the center-line of the toler-
ance zone:

AA, =AA,+ Tz‘A : (2.12)
AA, =AA, — 1P (2.13)
AA, = AOAi+%; (2.14)
AA, = AOAi+%. (2.15)
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By inserting these expressions into Equations (2.10) and (2.11), the fol-
lowing equations can be obtained:

—_—

AA 28 S A AT P A A - TA
i=1 2 i=1 2

AOAA_TAA =§:[Ao A _% _Zp: Ay Ai +%
i1 i1

By adding these equations, term by term, and dividing the left and right
sides of the resultant equation by 2, the following relationship is obtained:

n — p —

that is, the coordinate of center-line of tolerance zone of the resulting dimen-
sion is equal to the difference between sums of coordinates of center-lines of
tolerance zones of the increasing component dimensions and decreasing com-
ponent dimensions.

With transmission ratios, Equation (2.16) takes the following form:

n+p
AgA, = E S ApA; - (2.17)

Let’s express average value of the resulting dimension (A ,,,) by means
of average values of the component dimensions (A...,). For this purpose, it is

lav
needed to add term by term Equation (2.16) and Equation (2.1). The result is as
follows:

n - p - —
AA+A, :igl(Ao A +Ai)—i§(A0 Ai +Ai).

Taking into account that (refer to Fig. 2.18):
ApAr+ AL =Asay;
AgAi+ A = Ay,
the resulting equation would be:
n — p —
AAav = ZAiav —ZAiav (218)
i=1 i=1
that is, the average value of the resulting dimension is equal to the differ-
ence between sums of the average values of the increasing and decreasing di-
mensions.
With transmission ratios, Equation (2.18) can be written as:

n+p
Ay = Zi &i Ajay - (2.19)
1=
Relationships (2.3)-(2.5) and (2.10)-(2.11) were obtained under the as-
sumption that the combination of maximum increasing dimensions and mini-
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mum decreasing dimensions and vice versa are possible in a dimensional
chain. The method of calculating dimensions of dimensional chains, based on
the use of these relationships, is called the maximum-minimum method. It pro-
vides a complete interchangeability, eliminating reject.

Meanwhile, the probability of such a combination of the component di-
mensions in a particular product is quite small. This circumstance, as well as
the laws of the size distribution of these dimensions, is taken into account in
the statistical method of dimensional chains calculations, which differs from
the maximum-minimum method in the way of calculation of resulting dimen-
sion tolerance.

Assuming that the size distribution of the component dimensions corre-
spond to the normal law, and the borders of the range of dispersion o; =6c,.

coincide with the limits of their tolerance zones, the following equation can be
written:

or
1
Sp, = TA (2.20)

Since the average value of the resulting dimension is the algebraic sum of
the average values of the component dimensions, in accordance with the well-
known theorem in probability theory about the variance of the sum of inde-
pendent random variables (component dimensions), we have:

2 n+p

_ 2
Oh, = 2 Oa
i=

Using relationship (2.20), we can write:

(TAF = (TAY
i=1

or
n+p

TA, =, 2 (TA). (2.21)

i=1

Note that for Equation (2.21) 0.27% of the products will probably have
value of the resulting dimension beyond the tolerance.

In the general case, including cases when size distribution of component
dimensions units differs from the normal, tolerance of the resulting dimension
of a planar dimensional chain with parallel dimensions is defined by the for-
mula:

TA, =t, J SOXTA R, (2.22)
i=1
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where t, is the risk ratio; A; is the relative standard deviation (dimensionless

ratio).
This deviation is found from the relation:
26,
i~ (Di
or
26,
TA

Risk ratio t, determines the probability that the size of the resulting di-

mension is within the limits of its tolerance zone. This factor is selected from
the tables of Error function ®(t) values, depending on the given risk P.

For the normal distribution of the resulting dimension sizes and equal
probability of its overrunning both limits of the tolerance zone the percentage
value P, is related to the value of ®(t) with the following equation:

P =100[1—-2d(t)]. (2.23)
Series of the t, values is given in Table 2.1.

Table 2.1

1. Risk P, % 32 | 23 | 16 9 | 46|21 |094|051|0.27| 0.1
2. Ratio t, 1 (12 14 17| 2 |23 |26 |28 | 3 |33

Coefficient A3 values are as follows:

— for the normal law (Gaussian) of distribution of sizes of component
dimensions A5 =1/9;

— for the Simpson distribution (triangular distribution) 3 =1/6;

— for the law of equal probability A5 =1/3.

Normal size distribution often take place in large-batch and mass produc-
tion of products, the Simpson distribution occurs in batch production, the dis-
tribution according to the law of equal probability occurs in single-job produc-
tion.

Assuming that the distribution of component dimensions is normal, and
the risk P=0.27%, then the A5 =1/9, coefficient t, =3 (see Table 2.1) and

Equation (2.22) is converted into Equation (2.21).
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The tasks of the tolerance analysis can be of two types: direct task (prod-
uct design stage) and inverse task (product control stage).

The direct task consists in calculation of tolerances and limits of size for
component dimensions, with the given basic sizes of the component dimen-
sions and the limit deviations and tolerance of the resulting dimension.

The inverse task consists in calculation of basic size and limit deviations
for the resulting dimension, with the given basic sizes and limit deviations of
the component dimensions.

2.2.3 Methods of Ensuring Accuracy of Resulting Dimensions

The task of ensuring required accuracy of resulting dimensions can be
economically solved by one of the following five methods: complete inter-
changeability, incomplete interchangeability, group interchangeability, fitting
or adjustment.

Let’s consider solution of the task by different methods for the dimen-
sional chain shown in Fig. 2.19.

As5

N
A

AN

o e |
< +0,2
A=45 || A=0"

Fig. 2.19 Dimensional chain of a mechanical unit

2.2.3.1 Complete Interchangeability Method

With the method of complete interchangeability, the required accuracy of
the resulting dimension of a dimensional chain is achieved in all cases of its
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implementation by incorporating component dimensions without selection,
sorting or changing their values.

The widespread use of the complete interchangeability method is due to
the following advantages:

— easy to achieve the required accuracy of the resulting dimension (for
example, the application of this method in assembly brings the latter
simply into the process of connecting the parts);

— possibility of broad co-operation between workshops and factories in
the manufacture of individual parts and assembly units;

— possibility to perform assembly operations by semi-skilled workers;

— ease of engineering planning of the assembly processes.

Tolerance and limit deviations of component dimensions of a dimensional

chain are calculated using the maximum-minimum method.

The calculation is as follows.

1. The tolerance of the resulting dimension is allocated between tol-
erances of the component dimensions. This task is a multiple-choice, since it
has only one equation (2.5).

For approximate estimation of tolerances of the component dimensions
the method of equal tolerances (equal effects) is the most commonly used. In
accordance with the method, the tolerance of each component dimension is
taken one and the same. This tolerance [average tolerance (TA, )av] is found by

dividing the tolerance of the resulting dimension by the number of component
dimensions, i.e.
— TAA

¥ nep

Afterwards, the found by this method tolerances of the component dimen-
sions are corrected depending on the complexity of achieving the required ac-
curacy of each component dimension. As a result, it is attempted to reduce the
manufacturing costs of the product.

For the given example (Figure 2.19)

(TA),, = O—f = 0.067 (mm).

(TA)

The most difficult task is to ensure accuracy of the dimension A, - the dis-
tance between the inner walls of the housing, thus the tolerance of this dimen-
sion should be taken a much larger than the tolerances of the dimension A, and
As. Keeping this in mind, let’s set as follows: TA;=0.03 mm; TA,=0.15 mm;
TA3=0.02 mm.

2. All component dimensions, except one, are assigned limit devia-
tions. Usually for holes (inner elements) the deviations are assigned as H, and
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for shaft (outer elements) - as h, for the rest of the dimensions — deviations are
bilateral.
Accepted tolerances are as follows: A, =45_,,, mm; A, =50"" mm.

3. To determine limit deviations of the “remaining™ dimension, first
with the help of Equation (2.16) the coordinate of the centerline of the toler-
ance zone of this dimension is found. Then, using Equations (2.14) and (2.15)
the deviation are calculated.

For this example, the "remaining™ dimension is As;. The coordinate of the
centerline of this dimension tolerance is found as
AA, = Ay Az — Ay AL — Ay As;
0.1=0.075—(—0.015) — A A;.
Hence
AgA; =-0.01 (mm).

The limit deviations of the dimension Az will be:
AA; = AgA+ TA; = —0_01+O'—;)2 =0 (mm);

TAs _ _001- o._gz =-0.02 (mm).

A|A3 = AoAs_

Thus, we obtain A; =5_,,, (mm).

The correctness of the direct task solution is checked by solving inverse
task.
1. With the help of Equation (2.1), we find the basic size of the resulting
dimension

A, =A2—Ai—A;=50-45-5=0 (mm).
2. With the help of Equations (2.10) and (2.11), we define its limit devia-
tions
AA, =AA,—AA—-AA, =0.15—(-0.03) - (-0.02) —0.2 (mm);
AA, =AA,—AA-AA,=0-0-0=0 (mm).
Thus, we obtain A, = 0% mm, i.e., the direct task is solved correctly.

The method of complete interchangeability, which takes into account the
possibility of the most unfavorable combination of limit deviations of the
component dimensions, often results in a very tight (uneconomic) tolerances of
these dimensions. It is assumed that the economically feasible area of applica-
tion of the complete interchangeability method are the dimensional chains with
a small number of dimensions (usually n+ p <4) and a relatively wide toler-

ance of the resulting dimension.
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2.2.3.2 Incomplete Interchangeability Method

The method consists in the fact that the required level of dimensional ac-
curacy of the resulting dimension is achieved with a certain pre-determined
risk by incorporating the component dimensions without selection, sorting or
changing their values. The intentional risk of the resulting dimension exceed-
ing the tolerance zone limits is usually small. However, this risk makes it pos-
sible (as will be shown below) to significantly expand the tolerances of the
component dimensions compared with the tolerances allocated by the method
of complete interchangeability, and thus, greatly reduce the cost of manufac-
turing of parts and products in general.

In the method of incomplete interchangeability the tolerances of the com-
ponent dimensions are calculated using Equation (2.22), derived on the basis
of the probability theory.

Solution of the direct task by the described method is carried out in the
following way.

1. Value of the risk ratio t, and relative standard deviation A; are

set. For this example (Fig. 2.19), let’s assume that the risk P=1%, for which
t, =2.57 (see Table 2.1). Assuming that the distribution of the component di-
mensions values corresponds to the Gaussian law, we take A5 =1/9.

For approximate estimation of the component dimensions tolerances the
average tolerance (TA),, is determined by the equation

TA
(TAI )av = > A y
ty \/ki (n+ p)
that follows from Equation (2.22). For this example we obtain

(TAi )av = 2.2

1 (mm).
2.57\/9-3 =0.135

2. Using Equation (2.22), the following preliminary tolerances for
component dimensions are set: TA1=0.1 mm, TA2=0.2 mm; TA3=0.06 mm.
Correctness of the tolerances selection is checked using Equation (2.22):

TA, =ty | 3 22(TA, ) = 2.57,/1/9[(0.1)? + (0.2)° + (0.06)] =0.2 (mm),

Further, solution of the direct task coincides with solution by the maxi-
mum-minimum method.

3. All component dimensions, except one, are assigned limit devia-
tions. Accepted tolerances are as follows:

A =45 ,, mm; A, =50"% mm,
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4. Then coordinate of centerline of the A3 dimension tolerance zone
is found

AA, =Ag Az —Ag A1 — Ay As;
0.1=0.1-(-0.05) — A A;.
Hence
AgA; =-0.01 (mm).

The limit deviations of the dimension Az will be:
AA; = AyAs+ TA; _ 0.05+ 0—26 =0.08 (mm);

TAs _0.05- o._ga =0.02 (mm).

A|A3 = AoAa_

Thus, we obtain A, =570% (mm).

The correctness of the direct task solution is checked by solving inverse
task.

1. With the help of Equation (2.1), we find the basic size of the resulting
dimension

A, =Ars—Ai—A;=50-45-5=0 (mm).

2. Then coordinate of centerline of the resulting dimension tolerance
zone is found

AgA, =Ag Az — Ay Ar — Ay Az =0.1— (~0.05) — (-0.05) = 0.1 (mm).

3. Then the limit deviations of the resulting dimension are found

AA, =AAL+ TA :O.1+O;22 =0.2 (mm);
AA, :AOAA—TAA :0.1—0—;:0 (mm).

Thus, we obtain A, =0 mm, i.e., the direct task is solved correctly.

Table 2.2
Component dimensions
Method Al A, A
Complete interchangeability 45 403 50%01° 5 002
Incomplete interchangeability 45_,, 5002 5 o0

Table 2.2 compares the results of calculations of the tolerances and limit
deviations of the component dimensions of the given dimensional chain (Fig-
ure 2.19), performed by complete and incomplete interchangeability. It can be
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seen that the method of incomplete interchangeability compared with the
method of complete interchangeability allows, for even short dimensional
chains, the tolerances of the component dimensions to be significantly in-
creased. The economic effect of application of the incomplete interchangeabil-
ity method instead of the method of complete interchangeability increases with
the decreasing tolerance of the resulting dimension and the increasing number
of dimensions in the dimensional chain.

2.2.3.3 Method of Group Interchangeability

In the method of group interchangeability, the required accuracy of the re-
sulting dimension is achieved by incorporating into dimensional chain the
component dimensions that belong to the corresponding groups, to which these
component dimensions are sorted beforehand.

The method of group interchangeability (sometimes referred to as the se-
lective assembly) is usually used in case of tight tolerance of a resulting di-
mension, which is difficult or even impossible to ensure by the method of in-
complete interchangeability. With the use of the group interchangeability
method the specified tolerance of the resulting dimension TA, is increased in

N times (N is an integer). The increased tolerance T'A, =TA,- N, which is

often called the manufacturing tolerance, is used to calculate the tolerances of
the component dimensions. The parts manufactured with such relatively wide
tolerances are sorted by size in N groups and each is assigned a number. Then
products are assembled of the parts that belong to the same group, which pro-
vides the required tolerance value of the resulting dimension TA,.

Thus, when assembling products of the parts belonging to the same group,
the resulting dimension tolerance TA, is ensured by the method of complete

interchangeability.

In assessing the economic efficiency of this method it is necessary to take
into account the additional costs associated with the precise measurement of
the parts and sorting them into groups, their labeling and storage. Logistical
difficulties and costs increase with the increasing number of dimensions in the
dimensional chain and number of groups of parts. This explains the fact that
the method is used for the dimensional chains with the number of dimensions
less than four, and the number of part groups are striving to make as small as
possible.

To apply the method of group interchangeability it is necessary to satisfy
the following conditions.
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1. Deuviation of form and location of the parts shall not exceed the toler-
ance of their size in the group. Obviously, if this condition is not met, the ap-
plication of the method of group interchangeability is impossible.

2. When allocating the increased tolerance of the resulting dimension
T'A, between the component dimensions it is necessary that the sum of the

increasing dimensions tolerances is equal to the sum of the decreasing dimen-
sions tolerances, i.e.
Zn:T'Ki = iT'Ki .
i=1 i=1
If this equality is not satisfied, the average value of the resulting dimen-
sion of the product assembled from parts of the different corresponding groups
will be different.
Let us show this by the example of the three-dimension dimensional
chain, to which any multi-dimension chain can be reduced.
Fig. 2.20 shows dimensional chain A, which defines the gap between the
shaft and the bore in the bushing. The equation of this dimensional chain
A, =Ai-A:.
The resulting dimension tolerance TA, is increased N times.

N
‘ <
—
< =y
= By | N T g
A ‘ ‘ i Z{j Z<ﬂ
. < T
< << - S -
—\ T = ] =<ﬂ N ZFW
= I Y
| a4 2
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S| < n |
<l g =1
=y | <
=Yy

T'A,/2

Fig. 2.20 Ensuring accuracy of the resulting dimension by the method of group in-
terchangeability

In accordance with the enlarged tolerance of the resulting dimension, the
manufacturing tolerances T'A, and T'A, are established, and T'A; =T'A,.

Each of the tolerance zones T'A,; and T'A, is divided into N intervals,
i.e. N group of parts is formed.
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Thus

T'A=T"A =..=T"A;
T'A,=T"'A,=..=T"A,;
TA+T'A =T"'"A+T"A, = =TVA+TVA, =TA,.

Thus, the coupling of parts taken from the corresponding groups ensures
tolerance TA, exactly in the same way as in the method of complete inter-
changeability.

Coordinates of the centerlines of the resulting dimension tolerance:
for the first intervals of T'A, and T'A,

Ay A, =A A A A, ;
for the second intervals of T"A, and T"A,
AVA, =(ADA+T'A - (AL A+ T'A,).
Since T'A, =T'A,, then
Ay A=A A -ALA,.
Thus, with T'A; =T'A, the coordinates of centerlines of tolerances of the

resulting dimension and its average sizes in different groups of parts will be
identical.
That will not happen, if TA =TA, and the equation

TA+TA,=TA, is satisfied.
Thus, for the second intervals, T"A, and T"A,
AVA, =(ALA+T'A ) (AL A+ T'A,).
However, since T'A, = T'A,, then
Ay A, #A A,
I.e. the coordinates of the centerlines of tolerances of the resulting dimension
and its average sizes in different groups of parts will not be identical.

3. An important requirement, which largely determines the efficien-
cy of the method of group interchangeability, is the requirement for identity of
size distributions within the tolerance zones. Only under this condition the as-
sembly of the products will be ensured (Fig. 2.21, a), there will be no excess of
parts of one kind and the lack of parts of the other kind in the group, i.e. the
situation shown in Fig. 2.21, b. It is difficult to completely avoid it. Therefore,
when using the group interchangeability method, there almost always is work-
In-process.

The method of group interchangeability should be used in large-batch and
mass production of the couplings of high accuracy. In manufacture of roller
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bearings and assembly of threaded joints with interference fit, this method is
the only economical way to ensure accuracy.
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Fig. 2.21 The influence of the nature of distributions of sizes on the assemblability of
products (arrows connect the corresponding groups of parts)

Let’s consider application of the method of group interchangeability to
ensure accuracy of the resulting dimension in the example shown in Fig. 2.19.

Recall that the resulting dimension in this example is A, =0, The
basic sizes of the component dimensions are: A;=45 mm; A,=50 mm;
Az;=5 mm. Equation of the dimensional chain is

A, = A, — A1 —As.

Let us assume that it is economically feasible to enlarge the resulting di-
mension tolerance A, in three times, i.e. the number of groups of parts N=3.
The increased tolerance of the resulting dimension is

TA,=TA,-N=0.2-3=0.6 (mm).
The sum of the increased tolerances of the increasing dimensions must be
equal to the sum of the increased tolerances of the decreasing dimensions, i.e.
TA,=TA+TA;= %T'AA.
Hence
TA, = 1T'AA _06_ 0.3 (mm);
2 2
TA+TA;= %T'AA =0.3 (mm).

Considering the complexity of manufacturing, accept
T'A; =0.24 mmand T'A; =0.06 mm.

Accordingly, the group tolerances are:

TA, = A, :0'—54:0.08 (mm);
TA, = TI\TZ :%:0.1 (mm);
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TA; _0.06_ 0.02 (mm).
N 3
For the i" group of parts (see Table 2.3.) the following coordinates of cen-
terlines of tolerance zones are set
Ay A, =-0.04mm; A, A, =—0.05 mm.
The coordinate of the centerline of the dimension A; tolerance is found
from the equation

TA; =

ApA, =Ag Az —Ag AL — Ay As;
0.1=0.05—-(-0.04) - A, A;.
Hence
AyA; =-0.1+0.05+0.04 =-0.01 (mm).

The coordinates of the tolerance centerlines of the dimensions of each fol-
lowing group (Table 2.3) are obtained by increasing the coordinate of the pre-
vious group by the value of the group tolerance, i.e. for the dimension A; — by
0.08 mm; for the dimension A, — by 0.1 mm; for the dimension Az - by 0.02
mm.

Table 2.3

Tolerances and coordinates of tolerance centerlines of the component dimensions

Group TA, AoAq TA, AoAs TA3 AoA3 TAA AoAp
I 0.08 -0.04 0.1 +0.05 0.02 —0.01 0.2 0.1
] 0.08 +0.04 0.1 +0.15 0.02 +0.01 0.2 0.1
Il 0.08 +0.12 0.1 +0.25 0.02 +0.03 0.2 0.1

The last two columns of the table show that the assembly of parts of the
corresponding groups will ensure the required size of the resulting dimension.

The basic sizes and limit deviations of the component dimensions in
groups of parts are given in Table 2.4.

Table 2.4
Basic sizes and limit deviations of the component dimensions
Group A A; As
I 45—0.08 50+0.1 5—0.02
T 45+O.08 50:(())21 5+O.02
Il 45505 505> 51002
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2.2.3.4 Fitting Method

The fitting method implies that the required accuracy of the resulting di-
mension is ensured by varying the size of the so-called adjusting member (one
of the component dimensions) by removing a certain thickness layer of materi-
al from it. The compensating dimension, often referred to simply as the com-
pensator, is designated on the dimensional chain diagram as a framed dimen-

sion, for example |A, |

The fitting method ensures the accuracy of the resulting dimension by al-
locating economically feasible, under the specified manufacturing conditions,
tolerances to the component dimensions, and defining coordinates of the toler-
ance zones centerlines:

TA,TA,,. .T'A
Ao ALAG Ay A A,
The resulting dimension tolerance T'A, may exceed the required toler-
ance TA,, i.e.

n+p
TA, =Y TA>TA,.
i=1

The difference between these tolerances is called the maximum calculated
compensation
5, =T'A,—-TA,.
This calculated compensation must be eliminated from the dimensional
chain by removing the allowance from the adjusting member.
Let’s show sequence and contents of fitting works on the example

(Fig. 2.19), assuming that the spacer ring of thickness |A;| is taken as the ad-

justing member. Firstly, preassembly of the product is performed (without
mounting the spacer ring) and the distance between the face of the gear and the

wall of the housing is measured. The size of the compensating dimension |A;

is usually defined as the difference between this distance and the desired aver-
age gap A.. Next, the product is disassembled. Then, by removing allowance
from the spacer ring, the required size of the spacer ring is achieved and the
product is finally assembly.

The main advantage of the fitting method is the possibility to achieve
high accuracy of the resulting dimension at a relatively low accuracy of parts.

The disadvantages of the method are the need for highly skilled workers
and a significant variation of time spent to variation of allowances to be re-
moved. The latter hinders the use of flow production methods.

w
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Job production and small-scale production are considered as the economi-
cally feasible areas of application of the fitting method.

2.2.3.5 Adjustment Method

Method of adjustment implies that the required accuracy of the resulting
dimension is achieved by changing the size of the compensating dimension
without removing material from the compensator.

In principle, the method of adjustment is similar to the fitting method.
The difference between them is how to change the size of the compensator. In
the method of adjustment, this change can be accomplished in two ways: by
changing the position of the compensating dimension or by inserting a special
part of the desired size, into the product assembly. In the first case the compen-
sator is called a movable compensator and in the second case — a stationary
one.

An example of a movable compensator is a sleeve in the mechanism
(Figure 2.22). By moving the sleeve in the axial direction the gap A, between
its face and the face of the gear can be adjusted. After the required gap is
achieved, the sleeve position is fixed relative to the housing by a locking
SCrew.

3 e

Fig. 2.22 Ensuring accuracy of the gap A, in the adjustment method with the help of
the movable compensator

As a stationary compensator the spacer rings, washers and other parts of
simple construction are used. The groups of stationary compensators of differ-
ent sizes should be manufactured beforehand.

The adjustment method advantages are as follows.
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1. It is possible to achieve any degree of accuracy the resulting dimen-
sion with broad tolerances of the component dimensions.
Time spent on adjustment work is relatively small.

3. There are no significant difficulties in organizing and planning the as-
sembly work.

4. It is possible to maintain the required grade of accuracy of the result-
ing dimension in the process of product operation, which has tendency
to reduce due to the wear of parts.

In practice, the tasks of ensuring required accuracy of resulting dimen-
sions are often solved for the interconnected dimensional chains. In this case,
the solution of the direct task starts for a dimensional chain with the smallest
tolerance of the resulting dimension. Then the task is solved for the dimen-
sional chain with the successively wider tolerance, and so on. The methods of
ensuring required accuracy for each individual dimensional chain can vary.
The inverse task can be performed in any sequence of the dimensional chains.

All above-mentioned methods of ensuring accuracy of resulting dimen-
sions were related to the dimensional chains, the dimensions of which are line-
ar. For the dimensional chains with angular dimensions, given in degrees and
having a common vertices of angle (see Fig. 2.12, ¢ and 2.12, d), the methods
of calculation and relationships are the same as for dimensional chains with
linear dimensions.

N

2.2.4 Tolerance Analysis of Manufacturing Processes

As noted above, the resulting dimensions in manufacturing dimensional
chains of the second type, hereinafter simply called manufacturing dimensional
chains, are the functional dimensions of the parts and the dimensions of the
machining allowances. The component dimensions of these chains are the
manufacturing dimensions of the workpiece. These include dimensions of the
initial workpiece, dimensions obtained on all machining operations (processing
steps), dimensions of heat-hardened layers, i.e. all the dimensions that are
specified in the manufacturing documentation, which regulates the process of
parts production.

Fig. 2.23 shows a diagram of facing the workpiece on a lathe and a simple
manufacturing dimensional chain, the component dimensions of which are the
workpiece dimensions A; and A, obtained on the previous and current opera-
tions respectively. Since it is the dimensions A; and A, that are sure to be ob-
tained on the operation, the allowance Z is a resulting dimension in the manu-
facturing dimensional chain (the allowance is obtained as the result of the ob-
taining these dimensions).
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Fig. 2.23 Facing of a workpiece on a lathe and manufacturing dimensional chain,
with the allowance as a resulting dimension

At the same time, in some cases, the allowance can be included in the di-
mensional chain as a component dimension, i.e. the manufacturing dimension
in a way. Fig. 2.24 shows a diagram of facing a bar on a turret lathe. The bar
after machining of the previous workpiece is fed to the right until it contacts
the stop, relative to which at a distance equal to the allowance Z a facing cutter
Is set. Thus, it is allowance (manufacturing dimension A) will be obtained after
the facing of the workpiece.

|
|
|
|
|
|
{
|
RREZ
Y

Fig. 2.24 Facing of a bar on a turret lathe

If the functional dimension is a resulting dimension in the manufacturing
dimensional chain (see Fig. 2.15, b), then we say that it is not directly ensured
during the part manufacturing. In most cases this can be avoided, but usually at
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the expense of complicating the manufacturing process. Therefore, manufac-
turing processes are often designed so that some of the functional dimensions,
usually those of the lower accuracy, are not ensured directly.

However, there are functional dimensions which can not be physically en-
sured directly. An example of such a functional dimension is the thickness of
the carburized layer that is formed by chemical heat treatment and subsequent
grinding.

Note that the diametric functional dimensions, with a few exceptions, are
directly ensured during the manufacture.

In addition, it is necessary to distinguish between the allowances and the
so-called redundant allowances. Redundant allowance is an "extra™ amount of
material that must be removed due to simplification of the original shape of the
workpiece relative to the net shape of the part. The concept of "redundant al-
lowance" is illustrated in Fig. 2.25, which shows allowances by ordinary hatch-
ing and redundant allowance by cross-hatching (workpiece is a round rolled
bar). Unlike allowances the redundant allowances are not included into manu-
facturing dimensional chains and are omitted during the tolerance analysis.

The essence of the tolerance analysis of the designed manufacturing pro-
cess is in solving the inverse tasks for the manufacturing dimensional chains.

Fig. 2.25 Explanation of a redundant allowance

Tolerance analysis helps to assess quality of a manufacturing process and
to particularly determine whether the process will ensure functional dimen-
sions that are not directly obtained during the workpiece machining, to find the
limits of size for the machining allowances and assess sufficiency of the allow-
ances to ensure the required quality of surface layer of the machined surfaces
and (or) the possibility to remove the allowances without overloading the cut-
ting tool.
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The initial data for tolerance analysis are the part drawing, the drawing of
the workpiece and the manufacturing process.

Procedure of the tolerance analysis for the designed manufacturing pro-
cess is easier to examine using a specific example. Let’s consider manufactur-
ing process of a punch as an example (see Fig. 2.26). Tolerance analysis is per-
formed only in the longitudinal direction; tolerance analysis in the diametrical
direction can be performed similarly.

. K1:55-0,74 .
K,=30+0,026 . A,=59%
K,=1+0,3 K,=140,3 A,,=30%5
Fig. 2.26 Sketch of a part Fig. 2.27 Sketch of a workpiece

After examining the initial data, the simplified sketches of a part, a work-
piece and machining process are drawn. In sketches of a part and a workpiece,
only the longitudinal dimensions are specified (Fig. 2.26 and 2.27). Sketches
of machining are performed only for the operations that form longitudinal di-
mensions (Table 2.5). The changes of sizes during the heat treatment are con-
sidered to be negligible. Sketches of machining are supplemented with desig-
nation of the manufacturing datums, the machined surfaces (thick lines) and all
the manufacturing dimensions in the longitudinal direction.
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Table 2.5

Operation Sketch Processing steps
<& 1. Cut the face
1 Lo ‘ ensuring the di-
Turning 1 2 mension 57 4 74.
—-—%-—-%— ————— +H- 2. Cut a cham-
A, =1+0,3x45° | fer.
A1.1:57 -0,74
0 1. Cut the face,
« ensuring the di-
o~ mension 55.2 3.
2 4 2. Cut the face,
Turning - ensuring the di-
_'"'g_ A =30:01 mension 30+0.1.
S | 722 —— 3. Cut the cham-
A, 71,240,2x45° fer.
A2.1:55,2-0,3
3 1. Harden.
Heat treating 2. Temper.
o A, =0,240,05
1. Grind the
4 o face, severing
Cylindrical grinding | ~ %; the allowance
s e 0.2+0.05.
5
i !
: 4
o 1 3
P |
o .
@ 1. Grind the
5 <3 2 %}4 face, ensuring
Surface grinding ! 5 i the dimension
! 30+0.026.
|
|

s
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The operations and processing steps being analyzed are numbered in the
sequence of the numbers 1, 2, 3, etc. In addition, the numbers of the operations
according to the manufacturing process are denoted.

Manufacturing dimensions are indicated by the letter A with the indices
of numbers of the operations and processing steps. For example, the size A;, is
obtained during the 2" processing step of the 1% operation. For the dimensions
of the workpiece the first index is 0 (zero), and the second one equal to 1, 2, 3,
etc.

Functional dimensions are denoted by the letter K with indices 1, 2, 3, etc.

Allowances are denoted by the letter Z with the same indices as the manu-
facturing dimensions for which these allowances are removed.

To carry out tolerance analysis the dimensional diagram of the manufac-
turing process is built. To construct a dimensional diagram the machining al-
lowances are depicted in an arbitrary scale on the sketch of the part as shown
in Fig. 2.28. At first, the allowances that are cut on the last operation are
shown, then allowances of the second operation and so on.

The following elements should be denoted on the sketch:

— manufacturing dimensions in the order of their obtaining, starting with
the dimension of the initial workpiece and ending with the dimensions
of the last operation;

— dimensions of the machining allowances (represented by wavy lines);

— functional dimensions.

Thus the dimensional diagram of the manufacturing process is construct-
ed (Figure 2.28). The correctness of the constructed diagram is checked as fol-
lows:

— number of manufacturing dimensions should be one less than the num-

ber of the machined surfaces;

— number of functional dimensions and allowances should be equal to
the number of manufacturing dimensions.

In the given example, the number of surfaces is 10, the number of manu-
facturing dimensions is 9, the number of functional dimensions is 4 and the
number of allowances is 5. Therefore, the dimensional diagram is constructed
correctly.

It should be borne in mind that if the allowance value is ensured during
the processing step, then the allowance is a manufacturing dimension as well.
In this example, the allowance Z,; is the manufacturing dimension A,;. This
allowance must be considered as both an allowance and a manufacturing di-
mension.
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11213 4156 8910
. A, ,=59%: _
A,,=30%:s
21.1‘ AM:57-0,74 |
A, =1+0,3
- A2.1:55,2-o,3 Ly
A,,=30+0,1 -
ZZ.Z
A,.=1,2+0,2
A,,=0,2+0,05
Z. 1
A, ,=30+0,026 7
- K1:55-0,74 -
J K,=30+0,026 -
K,=1#0,3 K,=1+0,3

Fig. 2.28 Dimensional diagram of the process

The manufacturing dimensional chains are defined according to the di-
mensional diagram of the process. For example, the allowance Z, , is the re-
sulting dimension in the dimensional chain that incorporates component di-
mensions Aq; and A; 1, and the functional dimension K, is the resulting dimen-
sion in the dimensional chain with dimensions A, ; and A4 ;.

However, it is difficult to identify manufacturing dimensional chains with
a large number of component dimensions. To facilitate this task it is reasona-
ble, especially in the absence of experience, to construct a graph of the manu-
facturing dimensional chains.

To do this, all surfaces in the dimensional diagram (Fig. 2.28) are num-
bered strictly in the order of their position (from left to right or right to left).
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Firstly, a graph-tree of manufacturing dimensions is constructed (Fig. 2.29).
The machined surfaces on the graph-tree are depicted by circles (vertices of a
graph), and manufacturing dimensions are depicted by straight lines (ribs) that
connect the corresponding vertices. Construction of the graph-tree starts from
the vertex-root. As a vertex-root the datum surface of the first operation or sur-
face from which the first manufacturing dimension is given should be taken.

O

N
g

€

<
<
<

®

—
i
—
o
o~
o
]
o

(6 A,

®

Fig. 2.29 Graph-tree of the manufacturing dimensions

In the given example, the surface 10 is taken as the vertex-root
(see Fig. 2.28 and 2.29.) From the vertex-root 10 the lines Ag1, Ag, and A
are constructed, at the ends of which the vertices 1, 7 and 2 are located, respec-
tively. From the vertex 2 the lines A, and A, are constructed, at the ends of
which the vertices 3 and 9 are located, respectively, and so on. As a result, the
graph-tree should include all the surfaces (the vertices) and manufacturing di-
mensions (the ribs), that connect these surfaces, of the dimensional diagram.
The graph is built correctly provided that there are no gaps and closed circuits
(loops).

Then, the graph-tree is supplemented with the functional dimensions in
the form of thick arcs that connect the corresponding vertices, and with the al-
lowances in the form of wavy lines. Thus the graph of the manufacturing di-
mensional chains is constructed (Fig. 2.30).

The manufacturing dimensional chains on the graph are represented as the
shortest contours, which consist of allowance or functional dimension and
manufacturing dimensions. For example: the allowance Z,, is the resulting
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dimension of the chain with the component dimensions Ag,, A; 1, Ax1 and A, ;
the functional dimension K; is the resulting dimension of the chain with the
component dimensions As 1, As1, Ay, and A, 1; the functional dimension Kj is
of the same size with the manufacturing dimension A, ,, i.e. is ensured directly.

Fig. 2.3 Graph of the manufacturing dimensional chains

To define the increasing and the decreasing dimensions on the graph
(Figure 2.30), proceed as follows. Look through the dimensional contour start-
ing the tracking along the resulting dimension from the vertex with a greater
number to the vertex with a smaller number. If, in the direction of tracking, the
component dimension connects vertex of a smaller number with the vertex of a
higher number, then the dimension is an increasing one, and if the opposite it is
a decreasing one. For example, the tracking of the contour with Z,,, Ag,, A1 1,
Ay 1, Ay, (Fig. 2.30) should be started from the vertex 7 to the vertex 6. Equa-
tion of the dimensional chain will be
Zyy =R =Apit AL = Agy = Aga t AL = Ag = Ay,

The manufacturing dimensional chains and the results of calculation of
their resulting dimensions (allowances and functional dimensions) for the giv-
en example are shown in Table 2.6. The results of calculations, performed by
the maximum-minimum method, indicate the following.
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Table 2.6

Dimensional chains equations and

dlirr]ligr?g;[ggs Dimensional chains diagrams | calculation of the resulting dimen-
sions values
<« «— _
A, A, Ki=Ay1+As1—Asr—Asg;
K ;=55.0.74 R K1=55.2.5+30+0.026-
-30:0.1-0.2+0.05=55"0172
K2= K, = Ar =30
» = Ag 1=30+0.026
=30+0.026
K3:1i0.3 K3 =Al_2=1ﬂ:0.3
Ky=Ay3—A41;
K;=1+0.3 K,;=1.2+0.2-0.24+0.05=
=1+0.25
= Z11=RAp1—Ar1;
1.1
Z,,=59"5%-5707= 2151
Zy1=A11-As1;
Z2.1 Zz.1

o)

Z 21 :57_0.74'55.2_0.3: 1. 8t834
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Dimensional chains equations and
Inspected Di ional chains di lculation of th lting di
dimensions imensional chains diagrams | calculation of the resulting dimen-
sions values
e :
Ay, Ly =RAr1+A25—Agr —Az1;
Z,, . Z 5 »=57.74+30+0.1-3072 -
| at -55.205=1.8"73,
Z,, A
|
—> -
Zsy e . Z 1=300.1+0.2+0.05-
act N -30+0.026=0.2+0.176

The designed process of a punch manufacturing does not ensure function-
al dimension Ky, which is a resulting dimension in the dimensional chain with
dimensions A, 1, As1, Ay, and A, ;. However, the calculated error of the K;
(0.652 mm) is less than its tolerance (0.74 mm). Therefore, to ensure the speci-
fied by the drawing the limit deviations it only is necessary to adjust the basic
sizes of the relevant manufacturing dimensions. Functional dimensions K, and
K3 are ensured directly, coinciding with the manufacturing dimensions As; and
A, respectively. Functional dimension K,, being the resulting dimension in
the dimensional chain with dimensions A, ; and A, 4, IS obtained in accordance
with the requirement of the drawing.

Let us now turn to the analysis of the calculated values of machining al-
lowances. The minimum values of the allowances Z; ; and Z, ; are sufficient to
ensure the required quality of the surface layers; fluctuation of these allowanc-
es is small, providing sufficiently stable machining conditions. The minimum
value of the allowance Z,, is negative, which could lead to the violated re-
guirements of the surface layer quality (some surfaces on the part will remain
unmachined). The minimum value of the allowance Zs; is only 0.024 mm,
which may not be sufficient to remove the defective layer.

Therefore, the process described above as a whole should be considered
unsatisfactory, requiring corresponding adjustments.
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Review Questions

What is locating and clamping?

What is a datum, a set of datums, a locating point?

What is the six-point principle?

How are datums classified according to the number of the constrained

degrees of freedom?

How are datums classified according to the nature?

What are the primary and auxiliary datums of a product?

What is a dimensional chain?

Can you list the types of component dimensions of dimensional

chains?

9. How are dimensional chains classified?

10.What are the direct and inverse tasks in calculation of dimensional
chains?

11.How is the resulting dimension tolerance allocated between the toler-
ances of the component dimensions (solution of the direct task)?

12.What is the difference between maximum-minimum method and sta-
tistical method of the direct task solving?

13.How are the planar dimensional chains with non-parallel dimensions
solved?

14.What are the peculiarities of calculation of parallel-linked dimensional
chains?

15.What is the essence of ensuring accuracy of the resulting dimension by
the complete interchangeability method?

16.What is the essence of ensuring accuracy of the resulting dimension by
the incomplete interchangeability method?

17.What is the essence of ensuring accuracy of the resulting dimension by
the group interchangeability method?

18.What is the essence of ensuring accuracy of the resulting dimension by
the fitting method?

19.What is the essence of ensuring accuracy of the resulting dimension by
the adjustment method?

20.What dimensions are resulting in dimensional chains formed during
the manufacture of parts?

21.How is the dimensional diagram of the manufacturing process con-
structed?

22.What is the essence of the tolerance analysis of the designed manufac-

turing process?
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3. Ensuring Material Properties and Accuracy of a Part

To get the high-quality part it is necessary for the manufacturing process
to involve solution of the two most important tasks:
— ensuring the required material properties of a part;
— ensuring the necessary accuracy of sizes, form and location of the part
surfaces.
These tasks are interconnected though it is rational to look at each of them
separately at first.

3.1 Ensuring Material Properties

3.1.1 General Ideas on Formation of Material Properties
during Manufacturing

Parts of machines are manufactured from steels, cast irons, non-ferrous
metals and alloys, polymers, granite and other materials. Material of a part is
chosen by a design engineer basing on the part function. The choice of material
Is also done due to its technological properties.

Mechanical properties of material are ultimate strength, yield strength,
hardness, Young modulus, impact strength, fatigue strength, strain, etc.

Physical properties of material are specific weight, point of melting and
crystallization, thermal conductivity, coefficient of thermal expansion, electri-
cal resistance, etc.

Chemical properties of material are characterized first of all by its corro-
sion resistance.

Technological properties of material are its casting characteristics, de-
formability and machinability, weldability, etc.

In manufacturing a part, material of the workpiece is exposed to force,
heat, chemical and other kinds of influences. As a result, chemical composi-
tion, structure, grain size and, hence, the properties of material can change at
any stage of the manufacturing process. The formation of the part material
properties can be presented by the scheme shown in Fig. 3.1.

The way material properties of workpiece material are formed at the main
stages of manufacturing are further considered.
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Force, thermal, chemical and other actions

Material properties Material properties
of a workpiece of a part
Thermal,
Workpiece |~ Machining |~ chemicaland 11 Machining |~ Part

other types of
treatment

Fig. 3.1 The scheme of forming material properties of workpiece material while
manufacturing

Formation of properties of workpiece material. Rolling, casting, forg-
ing and stamping are mostly used to produce workpieces.

Structure and grain size of casting material which influence on the me-
chanical properties of material are defined by the big number of factors:
amount and kind of impurities and alloying elements in the alloy, casting tem-
perature, rate of cooling during crystallization, temperature, thermal conductiv-
ity, condition of inner surfaces of a casting mold.

Harmful impurities that affect mechanical and physical material proper-
ties of castings are sulfur and phosphorus. Phosphorus reduces plasticity, caus-
es cold brittleness of steel and promotes formation of liquation. Sulfur causes
hot tears that appeared during crystallization. The more complicated is the
shape of casting and the higher is the resistance of the casting mold to metal
shrinkage, the more dangerous is the high concentration of sulfur in steel.

Alloying steel with nickel, chromium, molybdenum and vanadium favors
fine-grain structure and improves mechanical properties of castings.

Higher speed of cooling during crystallization leads to finer grain struc-
ture. Hence, permanent-mold casting compared to sand casting provides higher
mechanical properties for the casting material. At the same time, it is necessary
to bear in mind that during fast cooling of surface layers of thin-walled parts of
the cast iron castings, chilling can take place. Chilling is a forming of white
cast iron where all the carbon is in bound state in the form of cementite. White-
cast iron has high hardness (HB 4500...5500 MPA); its machining by cutting
tools is ultra-problematic.

Material properties of a casting depend largely on its construction that
should provide the possibility of simultaneous or successive solidification of
the casting elements. Uniform thickness of casting walls is desirable for simul-
taneous solidification, while gradual increase of wall thickness in direction of
metal solidification is desirable for successive solidification. Uneven cooling
of different elements of a casting and resistance of casting mold to metal
shrinkage can lead to formation of cracks, shrinkage cavities and residual
stresses.
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When workpieces are manufactured by cold-forming processes, material
of a workpiece work hardens. In this case, along with the improvement of
strength properties of material, the reduction of its plasticity properties also
takes place. Residual stresses appear due to non-uniformity of plastic defor-
mations in different parts of a workpiece.

When workpieces are manufactured by hot-forming process, the tempera-
ture of metal heating is of great importance. Violation of temperature condi-
tions can lead to forming of cracks in a workpiece, defective macro-granular
structure (overheated steel) and to irreparable reject in the form of burning
(melting and oxidation of metal at the grain boundaries that lead to the total
loss of plasticity). Before the hot-forming, workpiece should be uniformly
heated throughout. Otherwise, thermal stresses arise in the workpiece, which
can lead to the cracks formation. High temperature results in oxidation of met-
al. Consequently, scale and decarbonized layer with thickness of approximate-
ly 1.5...2.0 mm appear on the surface of the steel workpiece. To decrease
workpiece oxidation, workpieces are heated in neutral or reducing atmosphere.

In general, material of workpieces manufactured by forming process
compared to material of conventionally manufactured castings has finer grain
structure and higher mechanical properties. Moreover, when using special cast-
ing methods, for example, a method of directional solidification, a very high
level of mechanical properties can be ensured.

Forming material properties with heat and chemical-heat treatment.
The main task of heat treatment is the changing material structure aimed at
forming the necessary properties. Since steels are the most wide-spread mate-
rials in mechanical engineering, then the different types and methods of heat
treatment will be described below as applied to the steel workpieces.

The main types of heat treatment of steel workpieces are annealing, nor-
malizing, hardening and tempering.

Annealing of steel workpieces is done to reduce hardness, to raise plas-
ticity, to get uniform fine-grain structure and relieve residual stresses. During

annealing, workpieces are heated by 30...50 °C higher than point A ;, then is

held at this temperature till the total completion of structure-phase conversions
and then is slowly cooled down. As a result of annealing, the coarse-grained
structure that affects mechanical properties of steel is eliminated. In workpiec-
es produced by forging and stamping, annealing eliminates the consequences
of difference in deformation conditions of the workpiece separate sections, and
the structure of steel becomes uniform.

Normalising differs from annealing by the conditions of cooling. After
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being heated to temperature 50...70 °C higher than point A.; the workpiece is

cooled down in the air. Normalising provides higher strength than annealing
due to higher cooling rate.

Hardening of steel workpieces is done to produce structures with high
hardness. During (full) hardening, the workpiece is heated higher than point
A, is held at this temperature for a definite time period and is then cooled

down fast by sinking the workpiece into water or oil with the temperature of
20...25 °C. Essential residual effects and deformations (warping) of workpiec-
es appear during hardening because of uneven heating and cooling and chang-
ing of volume during phase transitions. Hardening flaws can appear in the
workpieces under certain conditions. To avoid these negative phenomena,
hardening is done in two media or a graduated hardening is used. Workpieces
made of alloy steels which temperature of the end of martensitic transfor-
mation is lower than 20...25 °C are cryogenically treated just after hardening.
The temperature of cooling is from —40 °C to —196 °C.

It is impossible to achieve similar rate of cooling for both the surface and
the core parts of the workpieces in hardening. The rate of cooling at some dis-
tance from the workpiece surface turns to be not enough for hardening that is
why steel is able to be hardened only to the definite depth. This ability of steel
Is called hardenability. It can be improved by increasing carbon content and
adding the alloying elements, chromium, for example, in steel.

In many cases, it is rational to harden only the surface layer of the work-
piece without hardening its core part. For this only surface layer is heated to
the hardening temperature and is cooled fast. Heating can be performed by
oxy-fuel heating, high frequency current, low-temperature plasma and laser.

Tempering is done after hardening at the temperature lower the point A,.

During tempering, structural and phase transformations occur in hardened steel
and they provide improving its plasticity and reducing residual stresses. De-
pending on the heating temperature, there are three kinds of tempering: low
(120...250 °C), average (350...450 °C) and high (500...650 °C). In low tem-
pering, the exposure is 0,5...2 hours. If the temperature is 100...120 °C the
exposure can be up to 10...15 hours. This exposure mode is used when it is
necessary to maintain steel hardness obtained after the hardening. The expo-
sure in average and high tempering is usually from 1 to 2 hours for the light-
weighted workpieces and for the workpieces with the weight from 200 to 1000
kg it is from 3 to 8 hours.
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The complex heat treatment of constructional steels, which is a combina-
tion of hardening and high tempering, in Russian engineering is called en-
hancement (hardening and high-temperature tempering).

For case hardening of steel workpieces and making the workpieces corro-
sion-resistant, the chemical heat treatment is used. The most widespread types
of case hardening are carburising, nitriding and carbonitriding.

Carburising is diffusion alloying of surface layer of the low carbon steel
with the carbon. Further hardening and low tempering provide high hardness
of the surface layer and high plasticity of the workpiece core part, and cause
the formation of compressive residual stresses in the surface layer. It allows
wear resistance of a part and its fatigue strength to be improved. Hardness of
the surface layer after hardening and tempering can be HRC 64...66. The
thickness of the carburized case ranges from 0.5 to 2.2 mm, though it can reach
(for large workpieces) 6 mm.

Carburising is performed in solid or gas carburizer at the temperature of
920...1050 °C. The exposure can last from 2 to 24 hours.

In many cases, not all but only separate workpiece surfaces that must
have high hardness are carburized. To save non-hardening surfaces the copper-
coating, special plasters, copper plugs for holes and caps for the outer surfaces
are used.

Nitriding is diffusion alloying of the workpiece surface layer with the ni-
trogen. Nitriding is usually used for alloy steel workpieces. Finish machining,
then hardening and high tempering are done prior to nitriding. Finish machin-
ing of workpieces is done after nitriding (fine surface grinding, lapping, etc.).
Nitriding is used for improving the wear resistance and fatigue strength of the
parts, and also for corrosion resistance. Hardness of the surface layer after ni-
triding reaches HRC 70...72. Thickness of the nitrided case is usually not more
than 0.5 mm. Residual stresses of compression appear in the nitrided case.

Nitriding is done in the atmosphere of dissociated ammonia at the tem-
perature of 500...600 °C. Nitriding process is quite slow. So, to get the nitrided
case with the thickness of 0.1 and 0.8 mm at the temperature 500...520 °C ac-
cordingly 3 and 90 hours will be required.

Carbonitriding is simultaneous diffusion alloying of surface layer of the

workpieces with carbon and nitrogen. Such a process has definite advantages.
Nitrogen that advances carbon diffusion gives the possibility to lower the tem-
perature of carbon saturation to 820...850 °C. Carbonitriding is usually used
for alloy steel workpieces. Carbonitrided case properties takes the intermediate
position between carburized and nitrided cases. It has good resistance to wear
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and corrosion.

Carbonitriding is done in gas and sometimes in liquid medium. Gas car-
bonitriding is done in the mixture of carbonizing gas (lighting gas, methane)
and ammonia. There are two kinds of this process — high-temperature and low-
temperature. In the first case, carbonitriding is done at the temperature of
820...850 °C and in the second case, it is done at the temperature of
530...570 °C. After high-temperature carbonitriding it is necessary to carry out
hardening and low-temperature tempering of the workpiece. Hardness of the
surface layer after this is HRC 63...64. Low-temperature carbonitriding is
done after hardening and tempering the workpieces. Hardness of the surface
layer after this kind of carbonitriding is HRC 67...68. The thickness of car-
bonitrided case is less than 0.8 mm.

On influence of cutting and other kinds of dimensional machining on
the properties of a workpiece material. Cutting with cutting tools and abra-
sive tools prevails in making workpieces nowadays. Electrical discharge, elec-
trochemical, ultrasonic, electron beam, laser and other methods of machining
find increasingly wider application. Each of machining method has some or
other impact on the material properties of the workpiece and the finished part
as well. In cutting, the workpiece surface layer undergoes essential plastic de-
formations and is thus hardened (work hardened). In electrical discharge ma-
chining, where metal removal happens thanks to its melting or vapouring, the
structure and chemical composition of the surface layer changes. Electrochem-
ical machining, which is based on anodic dissolution of the workpiece metal,
causes etching of the material at the grain boundaries and hydrogenation of the
surface layer. Each of machining method except the electrochemical one, un-
der the optimal conditions causes the forming of residual stresses in the surface
layer.

In precision dimensional machining, the surface layer with the changed
properties is usually not thick, its thickness is about 0.005...0.3 mm. However,
since it is the surface layer that withstands the heaviest loads during the part
operation, the impact of its material properties on the part performance charac-
teristics turns to be very essential and sometimes crucial.

The condition of the part (workpiece) surface layer is commonly charac-
terized by the term “surface layer quality” that means not only the group of
properties of its material but also the microgeometry of the machined surface.

Taking the foregoing into consideration, the impact of the surface layer
quality on the performance characteristics of parts and their couplings, as well
as manufacturing ensuring of the required surface layer quality will be consid-
ered in more detail.
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3.1.2 Surface Layer Quality and its Influence on Part Performance Char-
acteristics

3.1.2.1 Components of Surface Layer Quality

Components of surface layer quality include surface roughness, waviness,
work hardening and residual stresses. Auxiliary components include sub-
roughness, chemical composition, structure, grain size, density of dislocations
etc.

Roughness 1 of a surface (Fig. 3.2) represents micro-irregularities with
height of 0.01...1000 um and spacing smaller than the sampling length I,
which is used for roughness measurement.

Fig. 3.2 Roughness (1) and waviness (2)

Waviness 2 of a surface represents micro-irregularities with height of
0.01...1000 um and spacing larger than the sampling length | used for rough-
ness measurement.

Work hardening of the metal surface layer is usually assessed by micro-
hardness (Fig. 3.3). For doing this, the height hy and degree of work hardening
is determined

H -H,
uH — Hmax Hini 100%’
Hini
where H, _is the maximum microhardness of the metal surface layer; H, is
the initial microhardness of the metal.

Residual stresses (macrostresses) in the surface layer of parts are charac-
terized by sign (tensile stresses are considered as positive values and compres-
sive stresses — as negative ones), absolute value of the maximum residual

stresses o, and their depth h; (Fig. 3.3).

It should be noted that residual stresses are elastic stresses and cannot be
higher than the yield strength of the material.
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Fig. 3.3 Distribution of microhardness (HH) and longitudinal residual stresses
(o,e) across the shaft section

It should be emphasized that the residual stresses are always balanced
across the section of the part (Fig. 3.3). However, after finishing operations,
the stresses in the core of the part that balance residual stresses in relatively
thin surface layer are usually small and as a rule are neglected. It also should
be borne in mind that there is always a planar residual stress state in surface
layer of parts. Thus, residual stresses are analysed in two mutually perpendicu-
lar directions aligned with the part axes. For example, axial and hoop residual
stresses are formed in machining of bodies of revolution; in surface grinding
the residual stresses will be directed along the longitudinal feed and cross feed.
The residual stresses that act in direction perpendicular to the machined sur-
face are usually small and, thus are neglected.

3.1.2.2 Measurement of Surface Layer Quality Parameters

Measurement of roughness parameters is performed with tracing ma-
chines and optical devices. The majority of these devices is also used for
measuring waviness. To measure waviness on the surfaces of revolution and
on spheres, roundness testers are used.

To define parameters of surface layer work hardening, micro-hardness

testers that measure hardness by pressing tetrahedral diamond pyramid under
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the load up to 2 N are used. Microhardness measurements are done on the
sloped samples under the angle o =1...5° to the machined surface (Fig. 3.4).
The use of the sloped samples “stretches” the surface layer and allows the nec-
essary amount of measurements to be made. For production of sloped samples,
it is necessary to use such machining methods that almost eliminate work
hardening of the metal. Lapping with diamond pastes with the decreasing grain
sizes or electrochemical machining are usually used for this purpose. At some
distance from the surface, the sizes of the pyramid prints (and microhardness)
stop changing (Fig. 3.4). This distance corresponds to the depth of the work-
hardened layer h, that relates to the size I, which is found by the microhard-
ness tester, with the ratio
h =lsina.

To measure residual stresses, two methods are used: mechanical and X-

ray. Mechanical method is the most widespread. It consists in the consequent

removal of thin stressed metal layers from the machined workpiece surface and
measurement of the deformations of the rest part of the workpiece.
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Fig. 3.4 Diagram of microhardness measurement (1 — machined surface; 2 — plane
of a sloped sample; 3 — work hardened layer)

To understand the mechanical method of residual stresses measurement
better, the most simple case of defining these stresses in a plate (Fig. 3.5)
which upper surface was machined will be considered. Suppose that the depth
of residual stresses h_ is much smaller than the plate height h, i.e. h. <<h.
The change of the plate height h when removing the stressed layers will be
supposed to be negligible.
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Fig. 3.5 Diagram of defining residual stresses in a plate

Suppose that the differentially small layer of metal, with the residual
stresses Gy, 1S removed from the plateda. Thus, the plate pure bended by the

residual stresses with the moment dM will get deflection equal to
2
df =|—
8El
The moment dM will be

dM =c b-da-h.
2

res

By substituting this formula into the previous equation and taking into
3
consideration that | :% it will be

o 4EN"dt
" 312 da
Or, by changing the differentials with the increments it will be
o 4EN" Af
317 Aa
Therefore, to define residual stresses in the plate surface layer, it is neces-
sary to consequently remove metal layers with thickness Aa from the plate and
to measure deflections Af that arise after this removal. Removal of the layers
is usually done by the electrochemical method. Plate deflections can be meas-
ured by a dial indicator. The rule of defining signs of deflections Af is shown
in Fig. 3.6. If, after the removal of the layer Aa, the plate bends the way
shown in Fig. 3.6, a, then the deflection Af is positive and the residual stresses
are tensile. Otherwise, (Fig. 3.6, b) the deflection is negative and the residual
stresses are compressing.
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Fig. 3.6 Determining signs of deflections and residual stresses after removing a layer
of material Aa: a— tensile stresses in a layer; b — compressive stresses in a layer

At some distance from the machined surface, the removal of the next
metal layer will not be followed by the plate deformation. This distance is tak-
en as the depth of residual stresses h, .

3.1.2.3 Influence of Surface Layer Quality on Part Performance Characteristics

Surface roughness. Roughness greatly influences various performance
characteristics of parts: friction and wear; contact stiffness; corrosion re-
sistance; fatigue strength; strength of pressure couplings; tightness of joints;
electrocontact resistance; dustability of surfaces and many other properties of
parts. Surface roughness has the essential impact on wear of parts during
break-in. During this period (section 1, Fig. 3.7) the wear intensity is ultimate.
It is much smaller and is almost constant in section Il of the steady-state wear.
Catastrophic wear is characterized by the section Ill. Break-in period forms
roughness that is defined only by the friction (wear) conditions rather than by
the initial one that is obtained during mechanical machining, but. This rough-
ness, also called equilibrium roughness, can be either smaller or larger than the
initial one (Fig. 3.8). If the initial roughness is larger than the equilibrium one,
then cutting of the micro-irregularities and gradual increasing of roughness to
the equilibrium one takes place during the break-in. If the initial roughness is
smaller than the equilibrium one, then seizure and tearing of metal particles
and gradual increasing of roughness to the equilibrium one happens due to
poor lubricant retention on the surfaces. It is evident that the lowest break-in
wear and the highest durability of coupling will be provided in case the initial
roughness is close to the equilibrium one. It is the roughness that is necessary
to obtain during manufacturing.

Contact stiffness, defined by the ability of the surface layers of the con-
tacting parts to resist the deforming forces, mostly depends on the surface

roughness. It should be noted that contact displacements (in joints) caused by
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deformation of micro-irregularities make up the essential part of the elastic
displacements in a machine. For example, contact displacements make up
80...90 per cent of the overall displacements in the carriages of the metal
lathes. To improve contact stiffness, it is necessary to reduce amplitude param-
eters of roughness (Ra, Rz) and increase bearing length ratio t .

\
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Fig. 3.7 Surface wear of a part related to time

Surface roughness also influences corrosion resistance of parts. The in-
crease of amplitude parameters of roughness leads to increase of the actual part
surface area and intensifies corrosion. That is why roughness must be minimal
to provide high corrosion resistance of the parts.

Rz,

Hm \
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4.0 \ ; Fig. 3.8 Dependence of roughness of a friction
3.2 AS surface on time:

2.4 > 1- Rz;,;=5.4 um; 2 — Rz;,;=0.5 um;

1.6 “""42_ 3 — equilibrium roughness
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Surface roughness greatly influences fatigue strength. Valleys of the pro-
files are the stress risers. The coefficient of stress concentration varies from 1.5
to 2.5 for the surfaces machined by cutting. Formation of fatigue cracks that
leads to the part damage happens just near the valleys. Stress concentration re-
duces and the fatigue strength of the parts increases as amplitude parameters of
roughness decrease. Thus, surface roughness reduction of the samples made of
steel 30XI'CA (HRC 35...37) from Ra 0.74 to 0.22 um increases fatigue
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strength by about 14 % and service life more than in three times, according to
the data of professor A. G. Suslov. It is found that thanks to self-unloading, the
stress concentration near the evenly spaced valleys has less influence on fa-
tigue strength than the stress concentration near the random scratches on the
surfaces. That is why the scratches (notches) must be eliminated during manu-
facture.

Surface waviness. Waviness influences wear, contact stiffness, contact
fatigue strength, smoothness of movements and part vibration. The influence
of waviness on movements smoothness and part vibrations is essential. The
presence of waviness on the necks of shafts and plain bearings, on the rings
and rolling bodies of the rolling bearings, on the guideways and the slide-block
decreases accuracy and movement stability, causes vibrations and noise and
leads to reduction of durability of products. To improve all the mentioned
above performance characteristics of parts and their couplings it is necessary to
reduce amplitude parameters of waviness (Wa, Wz, W,,,) and increase wavi-

ness spacing S, . For example, it was found that reduction of the waviness

height Wz from 2.5 to 1 um on the bearing races increases durability more
than twice.

Work hardening of surface layer. Work hardening of a surface layer
considerably defines contact stiffness, wear, fatigue strength and corrosion re-
sistance. The increase of work hardening ratio and work-hardened layer depth
promotes the increase of contact stiffness and wear resistance (except the cases
of abrasive wear) and also increases fatigue strength of the parts that work at
normal temperature. Work hardening of parts made of heat-resistant alloys is
harmful as it causes diffusion of the alloying elements from the surface layer
and weakening of the surface at elevated temperatures (more than 700 °C).
Work hardening of the surface layer also affects corrosion resistance of parts.

Residual stresses. Residual stresses greatly influence fatigue strength of
the parts under the normal and elevated (up to 700 °C) temperature. Moreover,
compressing residual stresses increase fatigue strength of the parts and the ten-
sile one reduces it. It is explained by the fact that compressing residual stress-
es, by summing up with the environmental stresses (for example, in case of al-
ternating shaft bending), reduce level of resultant tensile stresses in the part
surface layer and, thus, prevent the creation of the fatigue cracks.

It was found that compressing residual stresses can increase fatigue
strength of steel parts by 50 %, while tensile residual stresses can reduce it
by 30 %.

Residual stresses relax (reduce) faster under high temperature and their
influence on the fatigue strength of the parts turns to be negligible.
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3.1.3 Ensuring Surface Layer Quality during Manufacturing

3.1.3.1 Ensuring Surface Layer Quality during Machining

Forming of the surface roughness during cutting. Surface roughness
forms mostly during the one or two last operations (processing steps) of the
manufacturing process, though it depends to a certain extent on the earlier per-
formed operations, for example, heat treatment operations. Each method has
one or another range of roughness parameters and also the direction of the ma-
chining marks (lay pattern).
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Fig. 3.9 Dependence of roughness in turning on:
a, b, c—angles ¢ and @;; d, e — cutter nose radius I ;
f, g —feed rate S per revolution

Forming of surface roughness during cutting. In cutting, surface rough-
ness depends on the geometrical parameters of the tools (angles of the cutting
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edges ¢ ande,, nose radius r, rake and clearance angles), feed rate S, cutting
speed, cooling conditions, physical-mechanical properties of the part material,
kinematics of the machining method, stiffness of the technological system and
other factors. Influence of the geometrical parameters ¢, ¢;, r and feed rate S
on the surface roughness in turning is shown in Fig. 3.9. As it seen in the given
diagrams, reduction of the roughness height can be achieved by reducing an-
gles ¢ and ¢, (Fig. 3.9, a, b and c), feed rate (Fig. 3.9, d and e) and increasing
nose radius (Fig. 3.9, f and g). For the given diagram (Fig. 3.9, a and b) the

calculated roughness height Rz, is

o= 199 -9, S
tge +tgp,
For the diagram (Fig. 3.9, d and e) Rz._.,. is defined by the professor V. L.
Chebyshev’s formula

calc

SZ

calczg'

Rz

If a cutter has minor cutting edge with ¢, =0 and the length f >S
(Fig. 3.9, c) then Rz, will be equal to zero. Such a cutter was called V. A.
Kolesov’s cutter (according to the surname of the lathe operator who offered
this tool design).

Actual roughness height in cutting, as a rule, turns to be higher than the
calculated. It happens due to plastic-elastic deformations, formation of a build-
up edge on the tool, presence of roughness on the cutter working surfaces, tear-
ing of metal particles from the machined surface (for example, during the ma-
chining of cast-iron workpieces) and vibrations in the technological system
that periodically change the relative position of the tool and the workpiece.
The scheme of increase of the roughness height due to plastic flow of the mate-
rial from the minor cutting edge is shown as an example in Fig. 3.10. In the re-
sult of the plastic flow, the actual surface finish Rz, turns to be larger than

Rz, by the value of A.
3 S

g N:»
= =

actua

] A 7/ \/ f Fig. 3.10 Representation of micro-irregularity
i o, raise due to plastic flow caused by the minor
cutting edge
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Cutting speed and feed rate have the most influence on the surface rough-
ness from all the cutting parameters. The influence of the depth of cut t on the
surface roughness is usually not essential.

Cutting speed influences the roughness mostly through the forming of the
built-up edge on a cutter. Built-up edge distorts the shape of the cutting part
and causes the increase of surface roughness. The distinctive dependence of
the roughness parameter Rz on the cutting speed V is shown in Fig. 3.11
(curve 1). For constructional carbon steels, the total lack of built-up edge and
the minimum roughness have place if V>70 m/min. The actual roughness
height turns to be close to its calculated values (the straight line 2 in Fig. 3.11)
in this case.

ﬁfr’l Fig. 3.11 Influence of cutting speed on the
35 ~ roughness parameter Rz in turning workpieces
/ | of steel 45 (0.45% C)
30 \ (curve 1): S =0.5 mm/rev; t =1 mm;
25/ NG r=15mm; y=12< o=¢, =45°
2 \ Line 2 — calculated value of micro-irregularities
20 height

0 20 40 60 V,m/min

The distinctive dependence of the roughness parameter Rz on feed rate is
shown in Fig. 3.12 (the curve 1). Feed reduction in the range 0.17-0.09
mm/rev reduces the actual roughness height that turns to be close to the calcu-
lated one (the curve 2 in Fig. 3.12). Further feed reduction (to 0.03 mm/rev)
doesn’t provide reduction of the actual roughness height that becomes practi-
cally constant and significantly higher than its calculated values. It is explained
by the fact that surface layer plastic-elastic deformations, that increase actual
roughness height, increase in the range of smaller feed rates.

Thus, in turning with the standard cutters, the use of feeds less than 0.06—
0.08 mm/rev is unreasonable as it doesn’t give any possibility to decrease
roughness, but leads to reduction of the production efficiency. However, in
high-speed diamond turning of aluminum and copper workpieces, much small-
er feed rate is used (about 0.005 mm/rev). In this case, surface roughness equal
to Rz=0.025...0.050 um is achieved thanks to cutting edge sharpness. It
should be noted that larger feed rates (about 1 mm/rev) help to obtain relative-
ly small roughness height of the machined surface, if to use cutters of V. A.
Kolesov and their various versions.
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Fig. 3.12 Influence of feed rate on the roughness parameter Rz in turning workpiec-
es of steel 18X2H4BA (curve 1):
V =130 m/min; t=0.25mm; r =0.5mm; ¢ =60°¢ ¢, =30° Curve 2 — calculated

value of micro-irregularities height (after A.D. Makarov)

The essential influence on the surface roughness in cutting has the chemi-
cal composition, grain size and structure of the workpiece material. When ma-
chining workpieces made of low-carbon steels, the surface roughness turns to
be higher compared to that in turning of less plastic high-carbon steels. The
lower surface roughness parameters of steel parts can be ensured in case of
homogeneous fine-grain structure. Such grain structure can be obtained in
normalizing or annealing of workpieces. The use of lubricating cooling agents
reduces friction of the tool against the workpiece and helps to reduce values of
roughness parameters.

Forming of roughness in abrasive machining. The most types of abrasive
machining (grinding, polishing, honing, superfinishing) represent a mass mi-
cro-cutting — scratching of the workpiece material and its plastic deformation
with the abrasive grains (grits) of the tool. In abrasive machining, particularly
in grinding, the roughness profile is formed by the multiple pass of the abra-
sive grains through the specified workpiece cross-section. (Fig. 3.13).

Fig. 3.13 Roughness formation in grinding:
1 —initial form; 2, 3 — scratches formed after passage of grains of the first and the
second rows, respectively; 4 — resulting roughness profile
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Roughness depends on the group of factors: grain size of the abrasive
wheel, wheel speed V,,, workpiece rotation speed Vo, longitudinal feed Sigqg
(in the parts of a wheel width B,, or in millimeters for 1 revolution of a work-
piece), sparking-out time, parameters and conditions of the wheel dressing and
other factors in cylindrical external grinding with longitudinal feed (Fig. 3.14).

Reduction of the wheel grain size, workpiece rotation speed and longitu-
dinal feed rate and increase of the wheel speed lead to increase in the quantity
of grains that pass through the given workpiece cross-section and reduction of
the roughness parameters.

Fig. 3.14 External cylindrical grinding

The important influence on roughness has the last stage of grinding —
sparking-out that is performed without in-feed. With the increase of sparking-
out period, not only the quantity of interacting with the workpiece grains in-
creases but also the quantity of grains that perform only plastic deformation
(smoothening) of the surface layer that provides essential roughness reduction.

Surface roughness in grinding significantly depends on the wheel dressing
parameters. Dressing is mostly done with diamond dressing sticks or diamond
crystals that cut the grinding wheel that rotates at working speed. The irregu-
larities that are formed on the wheel surface during the dressing period will
form the irregularities on the ground surface of the workpiece. Thus, dressing
should be performed with small feed rates of a dressing tool equal to
0.01...0.02 mm/wheel rev. to minimize the roughness of the wheel.

It should be noted that reduction of the wheel grain sizes that provides re-
duction of roughness parameters leads to the reduction of grinding productivi-
ty. To increase productivity grinding is performed in two operations. Coarser
grained wheels are used in preliminary grinding when relatively large allow-
ance is removed, and finer grained wheels are used in final grinding. In a num-
ber of cases fine grinding is used when allowance for diameter is not more than
0.05...0.1 mm.
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Preliminary grinding provides Ra=1.25...2.5 um, final grinding pro-
vides Ra=0.2...1.25 um, fine grinding provides Ra=0.025...0.1 um.
Forming of waviness in cutting. Waviness forming in cutting happens
mostly because of vibrations in technological system machine—fixture—tool—
workpiece and also because of transferring waviness of manufacturing datums
and cutting edge of a tool onto the machined surface. In turning external sur-
face, for example, the tool can vibrate radially with respect to the workpiece. It
results in forming the longitudinal (coinciding with the cutting speed direction)
and transversal (coinciding with the feed direction) waves on the workpiece
surface (Fig. 3.15).

Fig. 3.15 Formation of longitudinal and transverse waves:
f — frequency of cutter vibration

To decrease waviness it is necessary to:

— increase rigidity of the technological system;

— provide thorough balancing of the rotating parts of the technological
system (abrasive wheels, spindles, etc.); use counterweights when ma-
chining asymmetrical workpieces;

— provide machine isolation from external sources of vibrations (use vi-
bration isolation pads, vibration isolation foundations, etc.);

— reduce waviness of the manufacturing datums and cutting edges;

— optimize geometry of cutting tools and cutting parameters (increase
tool angles specified in the reference plane, increase ratio of the cutting
layer thickness to its width, use the tools with inclined teeth or with ir-
regular teeth spacing, avoid cutting speeds that correspond to the range
of the intensive chattering in the technological system, etc.);

— use tools with vibration dampers.

Layout of one of the most simple and effective vibration dampers — ring-

shaped percussion vibration damper — is shown as the example in Fig. 3.16. It
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Is an additional mass (ring 3) that vibrates with the phase shift on = in relation
to the holder 1 vibrations, thus allowing damping of the vibrations.

1 2 3 4

727 /)

A
Fig. 3.16 Ring-shaped percussion vibration damper:
1 —boring bar; 2 — guiding rings; 3 — vibrating ring; 4 — boring cutter

Minimal waviness is provided in case of using such finishing methods as
fine grinding, lapping, superfinishing and honing. For example, the waviness
height Wz in cylindrical external grinding is 1...3 pum for normal accuracy
machines and it is 0.3...0.5 um for high-accuracy machines. The waviness
height Wz =0,1 pum and less in lapping and superfinishing.

Work hardening of the surface layer in cutting. Work hardening pa-
rameters are defined by the competitive influence of the cutting force, with the
increase of which the workpiece surface layer plastic deformations and work
hardening intensify, and cutting temperature that promotes release of work
hardening.

The rate of work hardening and work hardening layer depth depend on the
method and parameters of cutting, geometry of the cutting tool, its wear and
also on the chemical composition and structure of the workpiece material that
define its hardenability.

It can be roughly considered that any change in cutting parameters that
causes cutting force to increase leads to increase of the work hardening rate
and depth of the work-hardened layer. Vice versa, any change in cutting pa-
rameters that is accompanied with the increase of cutting temperature deter-
mines the decrease of work hardening parameters.

For example, in turning the reduction of cutter rake angle and cutting
speed and with the increase of the feed rate and depth of cut causes the pa-
rameters of surface layer work hardening to increase. Increase of rake angle
and cutting speed and reduction of the feed rate and depth of cut leads to the
opposite result.

In cylindrical grinding surface layer work hardening increases with the
increase in wheel grain size and workpiece rotation speed. With the increase of
wheel speed the loading of abrasive grains reduces and grinding temperature
increases that reduces work hardening parameters.

Microhardness distribution along the surface layer depth of the workpiece
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after finish turning is shown as the example in Fig. 3.17. The data about the
rate and depth of work hardening in different machining methods are given in

Table 3.1.
H,
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Fig. 3.17 Microhardness distribution along the depth of the surface layer of a turned
workpiece made of alloy XH77THOP: t=1 mm; S=0.08 mm/rev; V=34 m/min.
Cutter made of carbide grade BK6M; y=10%a=a;=10¢ ' =1 mm;

p=p1=45; A=0 °(after A.D. Makarov)

Table 3.1

Rate and depth of work hardening in different machining methods
(according to E. V. Rizhov'’s data)

Machining methods

Work hardening rate, % Work hardening depth, um

Turning:
common 20...50 30...50
fine 40...80 20...60
Milling:
face 40...60 40...100
slab 20...40 40...80
Drilling and core-drilling 60...70 160...200
Reaming -- 150...200
Broaching 50...100 20...75
Gear milling and gear shaping 60...100 120...150
Teeth shaving -- to 100
Cylindrical grinding:
soft carbon 40...60 30...60
hardened low-carbon steel 25...30 20...40
Surface grinding 50 16...35

Residual stresses in cutting. Formation of residual stresses in surface
layer of workpieces in cutting happens under the influence of force and tem-
perature factors (the same way as work hardening forms).

The force factor dominates in cutting. Different signs of plastic defor-
mations in a surface layer are possible under the influence of cutting forces de-
pending on the material plasticity of the workpieces.
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Surface layer undergoes plastic stretching and lower layers stretch elas-
tically when machining low-ductility steels and alloys that give discontinuous
chip. After the cutting, elastically stretched layers tend to turn to the initial
condition but the plastically deformed external layer prevents this. As a result,
compressing residual stresses are formed in the surface layer.

During the machining of workpieces made of ductile metals that give con-
tinuous chip, the sign of plastic deformation in a surface layer changes into the
opposite one and stretching residual stresses appear in the layer.

Gea
MPa
300

200
100
0
-100 ,
200 /
-300 /
~400 \ 2
-600 7

-700
0 20 40 60 80 A, um

Fig. 3.18 Distribution of hoop residual stresses along the depth of the surface layer
of a turned workpiece of steel grade 7//X15

with HRC 23 (curve 1) and with HRC 62 (curve 2): V =75 m/min; S =0.078
mm/rev; 1=0.2 mm. CBN cutter; ¥ =0 °(after B.A. Kravchenko)

The above mentioned information is confirmed by the results of experi-
mental analysis of residual stresses in turning of steel grade 111X15 of different
hardness shown in Fig. 3.18. It can be seen that in cutting with CBN cutters of
“soft” workpieces (HRC 23), when continuous chip is formed, tensile residual
stresses (curve 1) are induced in the surface layer. In cutting of highly hard-
ened workpieces (HRC 62), when discontinuous chip is formed, the compress-
ing residual stresses (curve 2) are generated in surface layer under the same
conditions.

Residual stresses in grinding workpieces mostly forms under the influ-
ence of temperature factor. Rapid heating and cooling of a surface layer (in-
stantaneous temperatures in grinding reach steel-melting temperature) can be
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found in grinding. The surface layer tends to elongate during the heating but
lower located layers prevent this. In the result, surface layer undergoes so-
called thermo-plastic deformations, i.e. compression deformations, and tensile
residual stresses appear in the surface layer.

Phase transformations accompanied by metal specific volume change in
the surface layer can take place in cutting and especially in grinding. For ex-
ample in grinding, tempering and formation of troostite and sorbite that have
less specific volume than martensite structure can happen in separate sections
of hardened steel workpieces with martensite structure. As a result, tensile re-
sidual stresses form in these areas in the surface layer.

By changing the parameters and conditions of cutting it is possible to in-
fluence residual stresses in a surface layer to some extent. For example, by in-
creasing the rake angle of a cutter it is possible to increase the level of tensile
residual stresses that form in cutting of plastic metals. Essential increase of the
tensile residual stresses in a surface layer in grinding can be achieved thanks to
increase of sparking-out duration.

Formation of compressive residual stresses in a surface layer is ensured if
to use the finishing methods of abrasive machining: polishing, superfinishing
and honing, which are performed with relatively low cutting speeds.

It should be noted that it is difficult to ensure required set of properties of
surface layer in some cases during cutting. For example, to reach high fatigue
strength of parts that work at normal temperature, it is necessary to ensure low
roughness, essential work hardening and compressing residual stresses of the
surface layer, which is practically impossible to achieve in cutting. In fact, to
obtain low surface roughness the cutting should be performed at high cutting
speed and with small feed rate and depth of cut, and to provide essential work
hardening and compressing residual stresses the machining should be per-
formed conversely, i.e. at relatively low cutting speed, high feed rate and depth
of cut. That is why other machining methods are used to provide the necessary
parameters of the surface layer quality. Some of machining methods will be
considered below.

3.1.3.2 Ensuring Surface Layer Quality by Cold Working Processes

Cold working processes (surface plastic deformation or SPD) are based
on cold plastic deformation of the workpiece surface layer performed with the
help of different tools. These processes are (Fig. 3.19): ball and roller burnish-
ing; diamond burnishing; shot peening; mandrelling and the number of other
methods.
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Fig. 3.19 Various methods of cold working: a — ball burnishing; b — internal roller
burnishing; c — external roller burnishing; d — diamond burnishing;
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1 — workpiece; 2 — tool

SPD provides essential work hardening of the surface layer and forming
of the compressing residual stresses and also, as a rule, small surface rough-
ness that increases fatigue strength, wear resistance, contact stiffness, reliabil-
ity of fits and other performance properties of the components and their cou-
plings.

SPD methods are quite simple in general. Ball, roller and diamond bur-
nishing are done on metal lathes and milling machines in job and batch pro-
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duction. Mandrelling is done on broaching machines and low-powered hydrau-
lic and pneumatic presses. Special automatic machines are used for ball, roller
and diamond burnishing and mandrelling in mass production. Shot peening
usually requires application of special equipment.

3.1.3.3 Ensuring Surface Layer Quality by Electrochemical Machining
and Vacuum Annealing

It follows from the above mentioned that if the component works under
the high variable forces and high temperature, not only the surface layer work
hardening, but also residual stresses should be minimal to ensure high fatigue
strength of the component. Generally, the same requirements are necessary for
the surface layer quality of the components that work in aggressive media. It is
possible to provide the specified set of surface layer quality parameters if to
use electrochemical machining (EM).

The scheme of EM of a turbine blade workpiece is shown in Fig.3.20.
Processing is done in the airtight chamber simultaneously with the two tools
that have the shape of the blade surfaces. The tools are usually made of brass
or corrosion resistant steel. The workpiece is connected to the positive pole of
the direct current power supply and the tool is connected to the negative pole.
Electrolyte that is usually 20 per cent sodium chloride in water solution is
pumped through the gap between the workpiece and the tools. Gap is
0.05...0.3 mm, voltage — 3...30 V, current density — 10...500 A/cm®. The feed
S is not required strictly and it is adjusted according to the current strength
and is 0,1...20 mm/min. EM can be performed with the stationary tools when
removing small allowances.

Fig. 3.20 Electrochemical machining of a turbine
blade: 1 —tools; 2 — workpiece

Metal removing in EM as it was mentioned before is done by its anodic
dissolution. As a result, work hardening and residual stresses are eliminated in
the surface layer and also small roughness of the machined surfaces
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(Ra=0.1...0.63 um) is reached. The latter is explained by the concentration of
the current lines on the protrusions of the initial micro-roughness and by the
faster metal dissolving on them than on the valleys.

Etching at the grain boundaries with the depth up to 30 um, as it was
mentioned before, can happen in EM of the workpieces made of some metals
and alloys. It can be avoided by increasing the current density in the end of
EM. If this can not be done, the mechanical polishing that causes negligible
work hardening and compressing residual stresses in the workpiece surface
layer is used to remove the traces of the etching.

EM can turn to be unacceptable in some cases. Then, vacuum or neutral
medium annealing is used to remove work hardening and residual stresses in
the surface layer of the components after the finish cutting.

3.2 Ensuring Part Accuracy

Relatively high accuracy of parts requires as a rule several processing
steps or operations. For example, centering necks of shafts (IT 6,
Ra <0.63 um) should be undergo rough and finish turning, and rough and fin-
ish grinding. Accuracy of axial sizes of a shaft can be a more difficult task as it
Is shown in Section 2. In regard to this it is reasonable to consider issues of er-
rors formation and accuracy assurance within the separate processing step first
and then within the whole manufacturing process.

3.2.1 Causes of Machining Errors. Ensuring Accuracy during Machining

General (total) error in machining on metal-cutting machines is caused by
the following basic reasons:

— geometric errors of the machine tool;

— elastic deformations of the technological system because of the cutting

forces;

— cutting tool wear;

— temperature deformations of the technological system;

— deformations of the workpieces due to residual stresses;

— error of the sizing cutting tools manufacture;

— error of the theoretical machining scheme;

— error of workpiece mounting;

— errors of setting and adjusting of the technological system;

— errors of measurement.

Each of the mentioned causes leads to machining errors, which are com-
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monly called the individual machining errors. These errors can be systematic
or random. Systematic errors can be constant, i.e. unchanged in machining of
each workpiece and variable, i.e. changing from one workpiece to another ac-
cording to the definite law.

Classifying the machining errors into systematic and random is relative as
one and the same error, depending on the given conditions, can be regarded as
either systematic error or as an accidental one. For example, thread angle error
of the individual threading cutter in machining of a batch of workpieces will
always cause systematic thread angle error of the resulting thread. If machining
Is to be done on different machines with different threading cutters that have
different thread angles, the error of this angle will lead to a random thread an-
gle error of the machined threads.

3.2.1.1 Geometrical Errors of Machine Tools

Any machine tool has some errors of movement and location of working
elements. These errors are defined in no-load state of the machine in slow and
usually manual traveling of the working elements and they are called the geo-
metric errors. They are the result of inaccuracies in manufacture and assembly
of the machine tool components, as well as components wear. Geometrical er-
rors of a machine can be caused by its deformations due to incorrect installa-
tion on the foundation or adjustable rests.

Geometrical errors of a machine tool are: radial and axial run-out of spin-
dles; deviation from straightness of guideways; deviation from parallelism of
the metal lathe longitudinal carriage with respect to the spindle axis in horizon-
tal and vertical planes; deviation from perpendicularity of the drill press spin-
dle axis with respect to the table plane, etc.

Geometrical errors of machines are limited by the standards of accuracy
according to the correspondent GOST Standards. For example, tolerance of the
spindle radial run-out for metal lathes and milling machines of normal accura-
cy is about 0.01...0.02 mm and the tolerance for the straightness of the guide-
ways on the length of 2000 mm is 0.02 mm. The higher is the accuracy class of
the machine (Table 3.2) the smaller are its geometrical errors and higher is the
manufacturing labour-intensity.
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Table 3.2
Accuracy classes of machine tools

Accuracy class of a machine Error, % Manufacturing  labour-intensity,
%

Normal accuracy (H) 100 100

Improved accuracy (IT) 60 140

High accuracy (B) 40 200

Super accuracy (A) 25 280

Precision (C) 16 450

Geometrical errors of machine tools are more or less reflected on the er-
rors of sizes, form and location of surfaces of the workpiece being manufac-
tured.

Fig. 3.21 shows schemes of tapering of a workpiece on a lathe caused by
the following deviations in the horizontal plane in relation to spindle axis: par-
allelism of the longitudinal carriage guide ways (Fig. 3.21, a); cross-slide
guideways perpendicularity (Fig. 3.21, b); coaxiality of the tail stock center
(Fig. 3.21, c). It can be seen that these deviations are completely transferred to
the tapering of the workpiece surfaces.

The scheme of deviation influence from the guide ways parallelism of the
longitudinal carriage relatively to the spindle axis in the vertical plane of a
metal lathe on the errors of the workpiece surface form is shown in Fig. 3.22.
With this deviation equal to b within the workpiece length I, the cutter travels
along the straight line AC, that is, for example, if the center is at the center
height in point A, then it is higher than the height by the value of b in point C.
In the result workpiece surface gets the form of hyperboloid of revolution. If to
denote the radius of the machined workpiece surface at x=0 via r, we will find

the maximum r._.. that will have the workpiece in the farthest right section.
From the right-angled triangle O,BC we obtain

.2 2
maX_o\fro+b.

r
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Fig. 3.21 Schemes of taper formation during the machining on a lathe
due to its geometrical errors

For the random x the workpiece radius r will be

.2 X2b2
=" +I—2.
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Fig. 3.22 Form error during machining on a lathe caused by deviation form parallel-
ism of the main slide guide ways relatively to the spindle axis in vertical plane

Let us consider an example. Consider that a workpiece with diameter 50
mm and length 1=500 mm is turned on a metal lathe. Let us assume that the
deviation from the parallelism of the longitudinal carriage guideways in rela-
tion to the spindle axis in the vertical plane b within this length is 0.02 mm.
Let us assume that the workpiece radius 1 is 25 mm. Then its maximum radi-

us is

(o =/(25)2 +(0,02)2 =25.000008 (mm).

Therefore, we can state that the geometrical errors of this kind lead to
negligible machining errors and can be neglected.
The scheme of forming the deviation from flatness in face milling, caused

by the deviation from perpendicularity of the vertical milling machine spindle
axis in relation to its bed plane in feed direction is shown in Fig. 3.23. The ma-
chined surface of the workpiece cross-section becomes curved inward (ellip-
soidal). Its deviation from the flatness A is defined according to the formula

where Dy — milling cutter diameter; B — the width of the surface to be milled,;
a is the angle of inclination of the spindle axis relative to the bed plane in feed
direction. If aa=10", D,,;;=100 mm, B=80 mm then the deviation from flatness

in face milling will be

A= 0.5(100 —,/100% +80? )).0029 =0.058 (mm).
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Fig. 3.23 Formation of deviation from flatness in face milling

Therefore, even a small geometrical error of this kind of a vertical milling
machine can cause essential error of the machined surface form.

In the process of operation machine tools are worn and their geometrical
errors increase. Moreover, the wear in roughing machining, which is character-
ized by large amounts of severed allowances and high cutting forces, turns to
be many times larger than in finishing machining. That is why high accuracy
lathes are more reasonable to be used for precision machining only. Machine
tools will have high accuracy during a long period of working time and will be
paid off only in this case.

3.2.1.2 Elastic Deformations of Technological System due to Cutting Forces

In machining, machine tool, fixture, cutting tool and workpiece form the
closed elastic system. The mentioned elements of the technological system are
elastically deformed under the cutting force, leading to the mutual deflection of
the cutting tool and the workpiece. In machining of a batch of workpieces, cut-
ting force varies in a definite range. It is caused by change of the allowance
value (depth of cut) due to, for example, errors of size, form and location of
surfaces to be machined, also due to variation of mechanical properties of the
material (hardness) and also because of progressing tool wear. Different cut-
ting forces (often combined with variable rigidity of the technological system)
cause different elastic deflections of the cutting tool and the workpiece and
cause errors of machining. Elastic displacements (deflections) of any of the el-
ements of the technological system are usually considered in normal direction
to the machined surface. The main impact on these displacements has the cut-
ting force component P, . Displacement of the i element of the technological
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systemy, (mm) is

where J; — stiffness of the i element of the technological system (N/mm).
From this it follows that stiffness J; is the ratio of the force P, to the dis-

placement y; in direction of the force.

The higher is the stiffness the lower is the rate of technological system re-
action to the cutting force change and the higher are machining accuracy and
productivity.

Stiffness of technological system elements is usually defined experimen-
tally; rigidity of workpieces of simple shapes and of some tools can be calcu-
lated. Stiffness of the new machine units is 20000...100000 N/mm. Stiffness
of the worn or misaligned units reduces to 10000 N/mm.

It is necessary to mention that elastic displacements of the technological
system elements under the cutting force happen due to internal deformations of
the elements, their contact deformations and elimination of clearances. Moreo-
ver, as it was mentioned before, the dominated deformations are often the con-
tact deformations.

To calculate estimated machining error caused by elastic deformations of
the technological system due to cutting forces let us consider deflections of a
cutting tool and a workpiece in longitudinal turning. Fig. 3.24, a shows the po-
sition of a workpiece clamped in a chuck; tq.. IS the specified depth of cut. The
workpiece deflects by the y; value and the tool deflects by the y, value in the
process of cutting (Fig. 3.24, b). As a result, depth of cut reduces from tgye. t0

the value t, (actual depth of cut). For a separate cross-section of a workpiece
it can be written

Yit+Ys :tspec +laet s (3-1)
P P

=Y -y =—2 3.2

Y1 3 Y, 3 (3.2)

work tool

where Jyor 1S the stiffness of the system “workpiece-chuck-spindle assembly;
Jiool 1S the stiffness of the system cutter-tool post-saddle.
Radial component of the cutting force (N) is defined according to the

formula
P, =10Cpt,,S*V nKp,

where C, is the constant value; x, y, n — determinants of depth of cut t,,
feed rate S and cutting speed V ; K, is the correction coefficient that takes in-
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to consideration actual machining conditions.

tﬂCt

Y
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Wi

a b
Fig. 3.24 Deflection of a cutter and a workpiece in longitudinal turning

If to denote 1OCpSyV“Kp via C, then
P, = Ct),. (3.3)

By substituting (3.3) into (3.2), and subsequent substituting the resulting
expressions for y; and y, into (3.1), will have

1 1
( + —th;ct + e = 1:speC'

‘]W0rk ‘Jtool
If exponent x is a fractional value, then there is no exact solution of this
equation with respect to t.. If to neglect the influence of deflections of the cut-
ting tool and the workpiece on the cutting force and to denote tspe - tact=tres, We
will have the following approximate equation

! 6
‘]work ‘]tool

With the known value of the difference between the maximum and the
minimum values of tg,., which is equal to the half of the diameter tolerance, it
Is possible to define error of the diametric dimension of the machined work-
pieces as the double difference between the maximum and the minimum val-
ues ts with the help of this equation. Thus, diameter error of the workpieces
after turning will be

y reSrax ' TeSnin ) (3.5)

In accordance with Equation (3.4) we will write

1 1
tresmax = Ctsxpecmax (J— + J ]1

work tool

A, =20t +t
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work tool
By substituting these expressions into (3.5) we will eventually have

1 1
Ay = 2C<tsxpeqnax ~ ey (J—J“ ] J

work tool

1 1
tresmin - Ctsxpecmin (J T J ] )

Let us find the numerical value of A, . Let us consider roughing turning

of workpieces made of steel grade 45 (c=668 MPa) with a carbide cutter
(p=45°; y=10° A =0°). The diameter error of the workpieces before the
roughing turning is 4 mm. The given depth of cut ty,e.=2...4 mm, the feed rate
S=0.5 mm/rev, the cutting speed V=100 m/min. Stiffness of the technological
system elements Jyonk=Jio=10000 N/mm. Coefficient C=370 and the power
exponent x=0.9 for these machining conditions. The diameter error of the
workpieces after the turning

A, =2-307(a% 20-9( 1 L

10000 " 10000

Now, let us consider that roughing turning is followed by the finish turn-
ing. Let us accept that diameter error of the workpieces before the finishing
turning is 1 mm. The specified depth of cut tg, varies in the range 05 to 1 mm,
the feed rate is 0.2 mm/rev, the cutting speed is 150 m/min. The rest machining
conditions remain the same as in roughing turning. Coefficient C is equal to
187 for finish cutting. The diameter error of the workpieces after finish turning
will be

j =0.24 (mm).

1 1

10000 " 10000

The considered examples show that errors of workpieces extend in cut-
ting. Machining errors of workpieces caused by elastic deformations of the
technological system due to cutting forces can reach essential values. These
errors are the most essential in roughing operations and can be greatly reduced
in the subsequent finishing operations.

Nevertheless, essential form errors caused by workpiece elastic deflec-
tions under the influence of cutting forces can take place in machining of low-
rigidity workpieces (even in cases of high accuracy of the workpieces). For ex-
ample, in turning of a low-rigidity workpiece clamped at one side in a chuck
(Fig. 3.25, a), the part takes a form of a cubic parabola. The maximum deflec-
tion (bending) is at the right end of the workpiece:

PI°
Ywork :E’
where | is the workpiece overhang; E — Young modulus of the workpiece ma-
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terial; 1 — second moment of its cross section. The maximum deflection in turn-
ing of a non-rigid workpiece set in centers (Fig. 3.25, b) is in the middle of the
workpiece:

3
P
48E1’

where | is the length of the workpiece. The shape of the workpiece, in this
case, corresponds to the shape of the cubic parabola.

Yworkyy =

= Vior
work pax

/ ; — y work

b

Fig. 3.25 Form error caused by workpiece deflections in longitudinal turning

When machining low-rigidity workpieces the errors caused by their elas-
tic deflections can not only reduce but also increase with the increase of the
number of cutting passes. Fig. 3.26 illustrates the increase of the low-rigidity
rod form errors in cylindrical grinding with constant in-feed with the increase
of the number of passes. The in-feed values for the first and the second passes
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these passes are denoted as ty. and tys. The second pass will be performed not
With taspec DUt With tyg.. =100 + 1, DeCause of the form error t;.s that was

formed after the first pass. This will result in the increase of the force P, (in

comparison to its value in the first pass) and the workpiece form error to
tores>tires. Therefore, with the increase of the number of cutting passes the
workpiece form error will increase. It is necessary to reduce the in-feed value
for the every next pass in comparison to its value in the previous pass by the
value that is higher than the workpiece deflection to reduce workpiece form
error in this case.

Elastic deflections of the technological system elements depend in many
cases on their mutual arrangement that varies during the machining process.
Elastic deflections of the technological system elements in turning of the rod
workpiece set in centers are schematically shown in Fig. 3.27. When the cutter
is in the extreme right position, the force P, is entirely carried by the tailstock

center, which has the maximal deflection y,, . Headstock center and work-

piece deflections are equal to zero in this case. When the cutter travels to the
left the tailstock center deflection reduces and the headstock center deflection
increases and reaches the maximal value vy, in the extreme left position of

the cutter. The force P, is entirely carried by the headstock center in this posi-

tion and tailstock center and workpiece deflections are equal to zero. As it was
mentioned before the workpiece deflection vy, is maximum when the cut-

ter is in the middle of the workpiece. Deflections of the cutter and the carriage
Yoo dO NOt change.

Fig. 3.26 Diagram of form error increase in cylindrical grinding
with the constant infeed rate
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As the elastic deflections of the technological system elements (excluding
the cutting tool) turn to be variable along the workpiece length, it causes not
only diameter errors but also form errors of the machined surfaces. It is notable
that the shape of this workpiece depends on the ratio between the elastic de-
flections (stiffness) of the technological system elements. If, for example,
workpiece stiffness is essentially higher than the stiffness of centers, then its
generating line turns to be concave, otherwise it is convex (Fig. 3.25, b).

In general, errors of machining caused by elastic deformations of the
technological system can be 20 to 80 % of the total error.

2

3 |

yls max

yhs

max

J

‘ y tool

Fig. 3.27 Diagram of deflection of elements of the technological system
in longitudinal turning

To reduce these errors it is first necessary to increase the stiffness of the
technological system, which can be achieved by:
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— using additional supports for workpieces and tools (rests, guiding

bushes, etc.);

— mounting stationary (during the machining) units of the machine on

the guideways;

— preloading the rolling bearing of the spindle assemblies;

— reducing the amount of joints of components in the fixtures used for

setting workpieces and tools.

The other way to reduce the considered machining errors is using the au-
tomatic control systems in the machines. These systems help to stabilize cut-
ting force and elastic deflections in the technological system as they control the
feed rate relatively to the variation of machining allowance and workpiece
hardness.

The schematic diagram of the automatic feed control system for the verti-
cal milling machine constructed under the lead of Professor B. S. Balakshin is
shown in Fig. 3.28. The sensor S measures the force P, that acts normally to
the milled plane. Electrical signal from the sensor goes through the amplifier
into the comparator CD where it is compared to the pre-set value P, of the

master device MD. Error signal is issued from the comparator to the adjusting
device AD, which controls rotary speed of the direct current motor that con-
trols the feed rate. So, if P, > P, then the feed rate is reduced, and if B, <P,

then the feed rate is increased.

[ 1

Fig. 3.28 Schematic diagram of a system of automatic control of feed rate on a verti-
cal milling machine

Use of automatic control systems in vertical milling machines helps to
significantly reduce errors caused by elastic deformations of a technological
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system under cutting forces and at the same time to essentially increase
productivity of the machining process. The main disadvantage of such systems
Is irregular roughness of the machined surface. That is why thee use of these
systems in final machining of the workpieces is impossible.

Machining with the variable feed rate can be performed on the usual ma-
chines, especially on the CNC machines to reduce the errors from elastic de-
formations of the technological system under the cutting forces. For example,
turning with the variable feed rate on lathes helps to reduce form errors of non-
rigid workpieces.

Errors caused by elastic deformations of a technological system under the
cutting forces can be reduced by pre-distortion of the tool path on CNC ma-
chines.

Centerless machining methods (centerless turning, centerless grinding,
etc.) help to essentially reduce errors of the considered type. High machining
accuracy can be achieved in these methods even if the workpiece is of very
low rigidity. For example, centerless grinding of the bars provides diameter
accuracy that corresponds to IT 5-IT 6.

3.2.1.3 Cutting Tool Wear

Cutting tool wear is inevitable in cutting. In finish machining wear hap-
pens on the cutting tool flank (Fig. 3.29, a), which gradually moves the cutting
edge from the workpiece. This results in formation of errors of size and form
of the machined surfaces of the workpieces.
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Fig. 3.29 On calculations of dimensional wear of a cutter

Tool dimensional wear is defined in a direction perpendicular to the ma-
chined surface. Characteristic dependence of the dimensional tool wear on the
cutting distance is shown in Fig. 3.29, b. The wear is more intensive in the area
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l, (the area of the break-in period) than in the area |, of the steady-state wear
that is practically straight. The wear is more intensive in the area |, (the area of

catastrophic wear) and quickly leads to cutting tool destruction.
Intensity of the dimensional wear (wear rate) in the area of the steady-
state wear is characterized by the ratio

W, =—=,
|2
where W, — dimensional wear (um) developed on the cutting distance I, (m).
The general wear curve is substituted by the straight line aa to calculate the
dimensional tool wear. It intercepts the section Wy on the vertical axis. This
value is called initial wear and is expressed in um. If the values W, and Wy, are
known, it is possible to find dimensional wear W (um) for the cutting distance
L (m) from the ratio:
W=W+W,L.
The length of the cutting distance L (m) in turning is
DI

~1000S’

where D, | — is the diameter and the length of the workpiece surface to be ma-
chined, respectively, mm; S is the feed rate, mm/rev.

The length of the cutting distance L (m) in planning is defined according
to the formula:

IB

- 1000S°
where |, B are the length and the width of the workpiece, respectively, mm; S
is the feed rate, mm per double stroke.
Therefore, tool dimensional wear in turning:

W =w,, +w, 2.
1000S
in planning:
W =W, +W, I—B
1000S

Wear intensity W, depends on the machining method, workpiece and cut-
ting tool materials, geometrical parameters of the tool and cutting parameters
(cutting speed and feed rate). Depth of cut slightly influences wear intensity.

Some data on tool life and wear intensity Wy of cutters in finish turning
and boring with respect to the different materials are shown in Table 3.3.
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Cutting parameters for finish turning and boring, cutters tool life

Table 3.3

(for Rz=10 um) and wear intensity (according to A. A. Matalin’s data)

Cutting parameters

Material to be | Tool mate- | Cutting |Feed rate | Depth of Tool life In | Wear in-
machined rial speed V S cutt meters of the | tensity,
. ’ ' |cutting length| pm/km
m/min | mm/rev mm
Quality carbon | T30K4 |100-180| 0.04- |0.1...0.3 12500 6.5
structural steel CBN 550-600 | 0.08 25000 3.0
0.04-
0.06
Alloy structural| T30K4 |120-180| 0.04- |0.1...0.3 20000 4.7
steel CBN 450-500 | 0.08
0.04-
0.06
Highly-alloyed | T30K4 80-120 | 0.02- |0.1...0.2 11000 6.5
stainless heat CBN 200-220 | 0.04 15500 3.0
resistant and
high-
temperature
steels
Steel casting T30K4 | 100-160 | 0.04- |0.1...0.3 7000 8.5
CBN 200-230 | 0.06 12500 7.0
Structural T30K4 |120-180| 0.04- |0.1...0.3 8000 8.5
steels, CBN 350-400 | 0.08 15000 4.5
quenched and 0.04-
tempered 0.06
(HRC 26-30)
Structural T30K4 70-150 | 0.02- |0.1...0.2 7000 10
hardened steels CBN 300-350 | 0.05 21000 5.0
(HRC 40-50) 0.02-
0.04
Grey cast iron BK3M 80-160 | 0.04- |0.1...0.3 18000 5.2
0.08

The initial wear Wy of carbide cutters in finish turning and boring of
workpieces made of carbon and alloyed steels and grey cast iron is 2....10 pm.

Dimensional wear leads to errors of form when machining large work-
pieces. Workpiece surface form errors are usually small when machining small

113




workpieces. Dimensional wear in this case lead to the steady increase or de-
crease of workpieces sizes in a batch.

Let us consider finish turning of workpiece made of steel grade 45 with
the overall diameter D=200 mm and the length 1=400 mm. The machining is
performed with a cutter made of carbide grade T30K4, at cutting speed
V=150 m/min and feed rate S=0.06 mm/rev. From Table 3.3 we can find that
W;=6.5 um/km=0.0065 pm/m. Let the initial wear Wy be 5 um. The dimen-
sional wear of the cutter in machining the workpiece will be

W =5+ 0.0065°14-200-400 55 i)
1000 0.06

and will lead to the taper of the machined surface equal to W.

Now, let us suppose that a batch of the medium-sized workpieces made of
steel 45 is turned under the same conditions. The diameter of the turned sur-
face D=30 mm, the length I=40 mm. The batch volume n=100 pieces. Let us
define the diameter increase of the last workpiece, assuming that the whole
batch of workpieces is machined without tool readjustment. Dimensional tool
wear in this case will be:

W =5+ 0.0065>14-30-40-100 g imy.
1000-0.06

The diameter of the last workpiece will increase by 2W=92 (um).

To reduce machining errors caused by dimensional wear of the cutting
tool it is necessary to:

— increase the tool quality by using effective methods of its sharpening,
application of wear resistant coatings, using other work-hardening
methods;

— optimize cutting parameters and tool geometry;

— use highly effective lubricating-cooling agents and the ways of their
delivery to the cutting area.

Periodic readjustment of the cutting tool helps to reduce the considered

machining errors essentially.

Dimensional wear and the corresponding machining errors can be essen-
tially reduced if to use cutting bits with a wide minor cutting edge (like V.A.
Kolesov’s cutters) in turning, boring and planning. Such cutters work with
large feed rates that reduce the cutting distance and, hence, their dimensional
wear.

The influence of the dimensional wear of a grinding wheel on the errors
of the machined workpiece is usually compensated by its periodic dressing.
Wheel wear intensity depends on its diameter. The large diameter wheels used
in cylindrical external grinding wear slowly compared to the wheels used in
internal grinding.
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In cylindrical external grinding, the grinding wheel is dressed in 15... 20
min and in automatic internal grinding machines, for example, it is dressed for
machining of every workpiece. Wheel dressing is continuously done in some
cases. High accuracy of machining in this case is provided by the application
of in-cycle gauging.

3.2.1.4 Thermal Deformation of Technological System

Elements of a technological system, such as machine tool, fixture, tool
and workpiece, are heated during the machining. The major source of heat is
mechanical work of a cutting process and work that is spent to overcome forc-
es of friction between the moving components of a machine tool. In addition to
this, heat is generated in hydraulic and electric systems of a machine and
comes from external heat sources (nearby machine tools, heating systems,
etc.). Because of heating, elements of a technological system undergo elastic
deformation, which affects their position and movement leading to machining
errors, which may constitute up to 30...40% of the total error.

Thermal deformation of a machine tool. Heating of a machine tool
comes from the specified sources and is no uniform.

Temperature in various points of a machine bed may vary within the
range of 10°C and greater. Therefore, beds deform elastically and warp, which
in turn affect accuracy of the machine tool components mounted on the bed.

One of the major sources of heat in a machine tool is a spindle assembly.
Temperature in various points of a head stock varies within the range of
10°...50°C. The maximum temperature is observed at bearings of a spindle
and high speed shafts. The temperature of the spindle and the shafts is found to
be higher by 30...40% than the average temperature of the headstock. Warm-
ing of a headstock leads to deflection of a spindle position. For example, spin-
dle of a lathe can displace in horizontal and vertical planes by a few hun-
dredths of a millimeter. Axial thermal deformations can also be considerable.
In case axial displacement of a spindle is constrained by the back bearing,
then, for a spindle with length L and temperature difference between the spin-
dle and a housing At, the axial displacement of the spindle will be:

AL = aLAt,
where o is the coefficient of thermal expansion of the spindle material. Assum-
ing L=800 mm, At=10 °C, a =0.000012 1/°C, we will get Al=0.1 mm, i.e. dis-
placement of the front end of the spindle is quite essential and can cause con-
siderable machining errors, unless the displacement is not compensated by pe-
riodic readjustment of the tools.

Warming and cooling of a machine continue for some period of time after
the machine has stopped. Fig. 3.30 shows diagrams of thermal deformations of
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a spindle end with respect to the time of machining and time of subsequent
cooling. It can be seen that the thermal equilibrium of the machine (when a
heat gain is balanced by its dissipation into environment) is set only after 5
hours of operation. Deflection of a spindle end in vertical plane reaches 0.048
mm and in a horizontal plane it equals to 0.011 mm. Machine tool cooling is
much slower than its warming up.
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Fig. 3.30 Dependence of thermal deflections of a spindle end of a lathe on warming
time (cutting time) and cooling time [3]:
a—in a vertical plane; b — in a horizontal plane

Reduction of thermal deformations and corresponding machining errors is
achieved as follows:

116



— use of machines of the most symmetrical construction, which elimi-
nates thermal bending deformations;

— application of forced cooling of separate machine tool components
(spindles, feed shafts);

— use of materials with low thermal expansion (e.g. beds of precision
machines are made of granite);

— application of systems of automatic compensation for thermal defor-
mation of the CNC machines headstocks by means of on-line correc-
tion of the program;

— use of precision machine tools in climate-controlled shops with the
temperature maintained at 20+0.5 °C;

— preliminary warming up of a machine tool in no-load operation condi-
tions, after which thermal deformation stay unchanged.

Thermal deflections of a workpiece. Warming of workpieces occurs due
to heat generated in cutting zone. In most cases (in turning, milling, shaping,
surface broaching), most of the heat is accumulated in the chip. In drilling, the
heat mostly remains in the workpiece.

In turning, approximately 50...85 % of heat goes to the chip, and more
than 90 % is carried by the chip in high speed machining; 10...40 % of heat
goes to the cutter; 3...9 % goes to workpiece and near 1 % dissipates into the
environment. In drilling, chip carries away 28 % of heat; 14 % is dissipated in-
to the drill; 55 % remains in the workpiece and 3 % dissipates into the envi-
ronment.

Thermal deformations of workpieces lead to generation of errors of sizes,
form and location.

Let us assume that a through hole of 20 mm in diameter is drilled and
reamed in a cast iron workpiece 30 mm in length. Let us assume that the tem-
perature of the workpiece after drilling has increased to 100 °C. Let us find the
value of the hole diameter reduction after cooling the workpiece to 20 °C.
Leaving the warming of the workpiece and the reamer out of consideration, we
can get:

Ad = aAtd =0.00001-20=0.016 (mm).

The found value is significant because it constitutes a significant part of
the hole diameter tolerance for reaming. It should be noted that the thermal de-
formation of the workpiece after drilling is difficult to compensate for by in-
creasing the diameter of the reamer, as this deformation is random. This de-
formation varies due to hardness fluctuations of the workpieces of the batch
and their thermophysical properties, and also due to wear of the drill.
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In many cases, thermal deformations of a workpiece vary along the length
of machining. Fig. 3.31 shows temperature field in the workpiece during longi-
tudinal turning and form of its surface after machining (cooling to ambient
temperature). There are three periods of heat distribution and thermal defor-
mations generation during the machining. The first period (when the tool is at
the right end) is characterized by low temperature rise of the workpiece, since
metal before the cutter is cold. The second (steady) period is characterized by
the raise of thermal deformations to a certain level, which then remain constant
for most of the length of the workpiece. Temperature field behind the cutter is
constant. The third period (when the cutter is close to the left end) is character-
ized by raise of the workpiece temperature due to reflection of heat waves from
the left end. Thermal deformations increase during this period. Thus, unequal
allowance is removed from different parts of the workpiece due to variation of
the thermal deformations (the smallest allowance is at the left end and the larg-
est one is at the right end), which causes formation of form errors of the work-
piece after machining.

Fig. 3.31 Temperature field (a)
and form of a workpiece surface after machining (b) [9]

The most significant errors caused by thermal deformations are in thin-
walled workpieces that are machined by severing large allowances. These er-
rors are especially significant during the machining of thin-walled workpieces
of great length on one side (plates, rods, etc.). Errors caused by thermal defor-
mations of massive workpieces are usually small, and they can often be ne-
glected.

Reduction of thermal deformations of workpiece and the machining errors
caused by the deformations is achieved as follows:

— by the use effective cooling of workpieces;

— by increasing the cutting speed, which reduces temperature flow into

the workpiece;

118



— by cooling the workpiece, heated by roughing operations, prior to fin-
ishing machining (e.g., after drilling a relatively large diameter hole on
a CNC machine, it is appropriate to perform machining of small
mounting holes, during which the workpiece will cool down, and then
perform finish machining of the large diameter hole);

— by using the rational schemes of workpiece mounting (for example, a
spring-loaded tailstock center should be used during the machining of
a long non-rigid shaft mounted in centers, to prevent thermal buckling
of the shaft).

Thermal deformations of a cutting tool. Cutting tool is subject to in-
tense heating and essential thermal deformations that contributes to the for-
mation of machining errors. For example, temperature of the working surface
of cemented carbide insert can reach 900...950 °C. Although temperature of a
tool holder is much smaller than these values, the cutters undergo significant
thermal deformations (elongation).

The characteristic dependence of thermal elongation of the cutter on the
time of continuous operation is shown in Fig. 3.32, a. Elongation of the cutter
AL, increases until thermal equilibrium, which occurs after approximately
10...20 min in finish machining. When machining is performed without cool-
ing, thermal elongation of a carbide cutter at thermal equilibrium AL, equals to
0.03...0.05 mm. It was found that elongation increases with increasing feed
rate, depth of cut, workpiece hardness and cutter overhang L,, and decreases
with increasing cross section area of the holder.

Elongation of carbide cutters at thermal equilibrium can be determined
from the empirical formula:

L
AL, =C Fp o(tS)*"°v 2°,

where C is constant value (C=0.45 for cutting depth t<1.5 mm, feed rate S<0.2
mm/rev, cutting speed V=100...200 m/min); L, is the cutter overhang, mm; F is
the cross-sectional area of the tool holder, mm? o — is the ultimate tensile
strength of the workpiece material, MPa.
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Fig. 3.32 Cutter elongation depending on the time of continuous operation (a)
and ring the machining of a batch of workpieces (b)

Variation of the cutter length during the machining of a batch of work-
pieces is shown in Fig. 3.32, b. Cutter cools down during the breaks ty, t, t3 in
machining. If machining is performed rhythmically, then the breaks periods t
are equal and cutter elongation during machining of all workpieces is also
equal. In the absence of rhythmicity (t=t,t, #t,), the elongation becomes

larger, which leads to increased size errors in the batch of workpieces.

Thermal deformations of a cutter during machining large workpieces can
cause errors of the machined surface form. Thermal deformations during ma-
chining workpieces of small size may cause dimensional errors.

To reduce workpiece errors caused by thermal deformations of a cutter, it
IS needed to:

— use efficient cooling of the cutter;

— exclude long breaks in machining;

— reduce the cutter overhang.

3.2.1.5 Warping of Workpieces due to Residual Stresses

As mentioned, residual stresses in workpieces occur after casting, hot and
cold forming, welding, heat treatment, chemical-heat treatment, machining and
other types of processing, as well as after coating operations. Residual stresses
are always balanced across the cross-section of the workpiece and are not out-
wardly apparent. These stresses may cause substantial deformation of the
workpieces and lead to errors of size, form and location.

Deformation of workpieces due to residual stress occurs in the following
situations.

1. The removal of allowance from the workpiece with residual stresses
disturbs the equilibrium of the latter, and after the workpiece is unclamped

120



causes the workpiece to distort until the new equilibrium state of the remaining
residual stresses is established. The higher is the level of residual stresses in
workpieces and higher is the allowance, the higher is the workpiece defor-
mation.

2. When workpieces with residual stresses are stored or heated the relax-
ation (decrease) of the residual stresses takes place and elastic deformation
converts to plastic one. The intensity of the residual stresses decrease depends
on their magnitude and sign, and the relaxation resistance of the workpiece
material, and the decrease intensity is usually different in different locations.
This upsets the balance of residual stress and strain causes blanks.

3. The residual stresses caused by machining or other processing
meyhods also lead to deformation after the workpieces is unclamped. The most
significant stresses arise in low-rigid asymmetrical workpieces, when different
layers of material are removed from their opposite sides. For example, signifi-
cant deformations caused by residual stresses are observed when long box-
shaped workpieces are machined by end mills.

Let’s consider, as an example, formation of residual stresses in the beam-
shaped workpiece during its straightening by plastic bending, and its subse-
guent deformations due to machining. Assume that the beam of rectangular
cross-section is straightened according to the scheme shown in Fig. 3.33, a. In
this case, the beam is exposed to pure bending on the length I. Assume that the
beam material is not work hardened, its yield strength is o, and plastic defor-
mation due to straightening is spread over the entire beam cross-section. Stress
diagram op_ for the plastic bending due to moment M is shown in Fig. 3.33, b.
The beam unloading is equivalent to the application of moment equal and op-
posite to the moment, that is M'=—M . The diagram of the elastic stresses o
in the beam due to this moment is shown in Fig. 3.33, c. (Values of o in the
outer fibers of the beam are defined by the condition that the absolute values of
the moment M and A/’ are equal.) Residual stresses in the beam (Fig. 3.33, d)
will be equal to the algebraic sum of the stresses due to plastic bending (Fig.
3.33, b) and elastic stresses due to unloading (Fig. 3.33, ¢).
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Fig. 3.33 Scheme of a beam straightening (a) and stress distribution: during its plas-
tic bending (b), unloading (c) and residual stresses (d)

The maximum elastic stresses in the beam during the unloading is equal
to 1.507 (Fig. 3.33, c). Of course, there is no such stresses in the beam, since
iImmediately after the unloading the formation of residual stresses begins. Nev-
ertheless the described analysis of elastic-plastic deformation of a beam helps
to calculate residual stresses and is widely used in engineering practice.

As can be seen from Fig. 3.33, d, significant residual stresses arise due to
straightening, the value of the stresses in the outer fibers is 0.5c1. The diagram
of the residual stresses is balanced, i.e. the resultants of the forces and mo-
ments are zero.

If the beam is now subjected to, for example, one-sided machining, the
equilibrium of residual stresses will be disturbed and the beam will warp after
unclamping, i.e. acquire form error.

To define to which deformations this warping will lead, let’s consider a
numerical example.

Let the sizes of a beam subjected to straightening are as follows: length
L=500 mm; width b=40 mm; height h=20 mm. Material: steel with

67=400 MPa and Young’s modulus of E=2-10° MPa. Let’s assume that the
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beam is straight after the straightening. The diagram of residual stresses in the
beam after the straightening is as shown in Fig. 3.33, d. Assume that the upper
surface of the beam is face milled and allowance Z=1 mm is removed (Fig-
ure 3.34, a). For simplicity, assume that the tensile residual stresses are con-
stant both within the allowance and within the beam length and are
ores—0.507=200 MPa. The removal of allowance is equivalent to application to
the beam with height h; of a moment M (Fig. 3.34, b), the value of which is

M =0c,.bZ % = 200-40-1-% = 76000 (N-mm).

Deflection of the beam subjected to pure bending is defined as
f_ME

~ 8EI
3

where | = % is the second moment of area of the beam.

For the given example we obtain

40(19)°
| = 19) = 22863 (mm?);

76000(500)>

8.2.10° - 22863
Thus, it can be seen that the deformation of the beam as a result of re-
moval of even a relatively small allowance is very significant.

=0.52 (mm).

Fig. 3.34 Scheme of face milling of a beam after straightening (a) and its deflection
after unclamping (b)
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In general case, in machining the deformation of workpieces may be
caused either by the redistribution of the available residual stresses and due to
the residual stresses caused by the cutting process. In this case, the pattern of
formation of machining error due to residual stresses is much more complicat-
ed.

Obviously, to reduce machining errors caused by action of the residual
stresses, it IS necessary to reduce these stresses as during the production of
workpieces, as well as during the subsequent machining.

The radical method of suppressing residual stresses is a workpiece an-
nealing, which practically eliminates these stresses. If it is necessary to prevent
oxidation of workpieces, annealing is performed in vacuum or in a neutral me-
dium. In manufacture of precision parts, annealing can be performed more than
once — it alternates with the cutting operations. The removal of residual stress-
es by annealing is explained by the fact that the yield strength of the metal at
high temperatures rapidly decreases. Thus the plastic flow begins and residual
stresses are reduced to the yield point.

To reduce residual stresses in large castings due to the lack of furnaces of
large size the natural aging is used. It consists in the long-term storage (aging)
of workpieces in the air. The duration of aging often ranges from 6 to 12
months. It is found that natural aging of gray iron castings reduces residual
stresses in average by only 5...20%, but concentration of residual stress at
graphite inclusions sharply decreases and spontaneous castings deformation
over time substantially stops.

Castings of machine tool beds, in particular, are subjected to the natural
aging. Before the natural aging, the roughing operation is performed. In rough
machining, relatively large allowances are removed from the bed and thereafter
considerable bed deformation may occur due to residual stresses redistribution.
During finishing of the bed, which is performed after the natural aging, much
smaller allowances compared to roughing are removed. Deformation of the
beds due to redistribution of residual stresses, which in natural aging also
slightly decrease, is slight, which ensures high precision of the machine beds.

In addition to annealing and natural aging, vibratory stress relief (VSR) is
used to reduce residual stresses in castings. It is carried out at special stands or
with portable vibrators fixed on the castings.

During the VSR of cast iron castings, the processes similar to those that
occur during the natural aging take place. The VSR, which is much faster than
natural aging, mainly reduces concentration of residual stresses at the graphite
inclusions, which ensures stabilization of sizes, form and location of the cast-
ing surfaces. However, the VSR should be applied with care, since in case of
large residual stresses it may lead to cracking and fracture of castings.
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To reduce residual stresses in steel workpieces after hardening, their sub-
sequent tempering is used. In some cases, tempering of low-rigid workpieces,
such as plates, discs, etc. is performed in a predeformed state that helps to re-
duce deformation of the workpieces caused by hardening.

Residual stresses in workpieces of simple shape can be eliminated by uni-
form plastic deformation, the value of which is less than 1...2 %. For example,
residual stresses in rods are eliminated by plastic stretching, stresses in thin-
walled bushings — by plastic expansion with the help of special expandable
mandrels.

The reduction of residual stresses and deformations formed during ma-
chining can be achieved by optimization of parameters and conditions of cut-
ting.

3.2.1.6 Error of Sizing Tool Manufacturing and Error of Theoretical Machining
Scheme

Error of manufacturing of sizing tools. Machining errors are caused by
errors of sizing cutting tools manufacturing. Such tools include: threading cut-
ters, grooving cutters and form cutters, taps, threading dies, drills, core drills,
reamers, broaches, slot and form milling cutters, form grinding wheels, etc.

For example, diameter of a twist drill, measured near the top of the drill
body, is machined relatively to the drill accuracy class with tolerance zones h8
and h9. It is clear that the range of dispersion of diameters of the holes drilled
in a lot of workpieces can’t be less than this tolerance.

Twist drills diameter is usually reduces toward the shank (back taper) by
0.02...0.08 mm per 100 mm of length. Therefore, when a drill is reground, its
diameter decreases, leading to increase in the range of dispersion of the drilled
holes diameters.

Deviations from symmetry of the drill web relatively to the axis of the
drill, radial run-out of margins and run-out of cutting edges relatively to the
drill axis lead to unbalanced radial force during the process of drilling and
thus, hole oversizing, as well as hole axis deflection. The hole oversizing and
axis deflection is different for different drills of a type.

Thus, a number of errors of the twist drills manufacture, directly or indi-
rectly affects the accuracy of drilled holes.

To reduce the errors of this type it is necessary to improve manufacturing
accuracy of the sizing cutting tools, as well as to raise the accuracy of resharp-
ening. Along with this, machining errors can also be reduced with the help of
technological methods.

For example, a significant reduction of hole oversizing and axis deflection
during the drilling of holes with twist drills can be achieved through the use of
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drill bushings. Another method to reduce hole oversizing and axis deflection is
predrilling with rigid center drills.

JT—ob daop
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Fig. 3.35 Diagrams for milling the keyways by pendulum (a) and planetary (b) meth-
ods

Fig. 3.35, a shows milling of a keyway with an endmill by the so-called
pendulum method (the axial plunge of an endmill for the each longitudinal
pass is 0.1...0.3 mm). With this method of milling, the error of the cutter diam-
eter, which tolerance is €8, is entirely transferred to the error of the slot width.
This error can be significantly reduced by means of milling the keway slot by
so-called framework method (Figure 3.35, b), when the opposite sides of the
slot are milled separately.

Error of theoretical scheme of machining. This kind of machining error
takes place due to simplification of either machining kinematics or profile of a
form tools. Such errors, for example, occur when gears are cut with involute
milling cutters (Fig. 3.36). Theoretically, milling cutter profile must be de-
signed for the each number of teeth of a given module. However, to cut gears
of a given module m, sets of cutters, consisting of 8 (for m<8 mm) and 15 (for
m>8 mm) cutters are used. Thus, in practice, gears with teeth numbers of a cer-
tain range are cut by a single cutter, which leads to some error of tooth profile.

1/

Fig. 3.36 Gear milling by an involute milling cutter:
1 — milling cutter; 2 — workpiece
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3.2.1.7 Error of Workpiece Mounting

By the mounting error, the deviation of the workpiece position on the
machine from the required position is meant. For example, it is desired for the
shaft workpiece clamped on a lathe to have its axis concentric with the axis of
the spindle. In fact, there is always one or another deviation of workpiece loca-
tion from the required, which is directly or indirectly transferred to the error of
machining.

Mounting error is a sum of locating error, clamping error and error of the
fixture used.

Locating error. Locating error is the deviation of the actual position of a
workpiece achieved by locating from the required position. This error can be
regarded as a departure of the manufacturing datums from the locating ele-
ments of the fixture during the process of locating. This error is defined as the
maximum possible for the batch of workpieces.

Let’s consider examples of workpiece set-ups in which locating errors
take place.

Fig. 3.37 shows set-up of a housing. Manufacturing datums of the hous-
ing include lower plane and two holes perpendicular to the plane. The holes are
usually machined with an accuracy of not less than IT7. The housing is in-
stalled by its left hole on a cylindrical pin, and by the right hole — on the dia-
mond (relieved) pin. Note that such scheme, due to its simplicity, is widely
used in practice.
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Fig. 3.37 Housing located with a plane and two holes
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Because of the clearance between the pins and the holes | and 1l the de-
viation of the left hole axis from the axis of the cylindrical pin may appear,
which value is calculated as

oS Tdy_Td,
2 2 2
where S is the guaranteed clearance between the pin and the hole; Tdo, Td, are
the diametric tolerances of the hole | and the cylindrical pin, respectively.
Twice the value of e is the error of the housing locating in the direction of axes

X (er) and Y (ey), i.e.

8|X = 8|y = 29 = Sg +Td0 +po.
In addition to the locating errors g, and g, of this scheme, deflection of

the housing in the XOY plane is possible (Fig. 3.38). The tilt angle o is calcu-
lated as

where Simax, Somax are the maximum clearances in couplings of the cylindrical
and the diamond pins with the holes I and I, respectively; Aq is the distance
between the holes. Locating error in the direction of the Z axis is equal to zero.
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Fig. 3.38 Graphic representation of tilt-
ing of the housing located with a plane
and two holes

Obviously, during the boring of the hole Il of the housing on the machine
tool with a cutting tool set at the constant position relative to the axis of the cy-
lindrical pin, it is impossible to obtain the size A (refer to Fig. 3.37) with an er-
ror lesser than the error g, Deviation from parallelism of the hole axis relative
to the, for example, side surfaces IV and V machined on the previous operation
cannot be less than the tilt deviation that arise during locating. The housing lo-
cating error has no direct effect on the accuracy of the hole Il diameter, how-
ever, it leads to uneven allowance and form error of the hole. Thus, the locat-
ing error leads to errors of size, form and location of the machined surfaces.

Errors of housing locating can be avoided or at least reduced, by the use
of spring-loaded conical pins (Fig. 3.39, a) or elastical pins (Fig. 3.39, b) in-
stead of the rigid pins.

NWVEENN N
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a b

Fig. 3.39 Workpiece mounted on a spring-loaded pin (a) and elastic pin (b)

Fig. 3.40 shows a graphic representation of a bushing mounted on a cy-
lindrical mandrel (with clearance) for subsequent machining of external sur-
face. The maximum possible eccentricity of the mandrel axis with respect to
the axis of the hole, for a batch of workpieces, represents the locating error of a
bushing in radial direction &s. The locating error of a bushing in axial direction
is equal to zero.
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Fig. 3.40 Mounting of a bushing on a solid cylindrical mandrel

It is quite obvious that the given scheme can’t provide radial run-out of
the outer surface of the bushing relative to the surface of the hole lesser
than 2¢;5.. The accuracy of the outer surface diameter is not influenced by the
locating error g5, directly, but this locating error can cause errors of form of the
surface.

The locating error €5 can be eliminated as follows:

— use of a mandrel with small taper;

— use of an expandable mandrel;

— mounting on a solid cylindrical mandrel with a guaranteed interfer-

ence.

The examined example shows that the selection of a scheme of workpiece
locating must be in the first place guided by the requirement to ensure accurate
location of workpiece surfaces, and then — by the requirement to ensure the
specified sizes.

Clamping error. Clamping of a workpiece can more or less disturb the
position reached by locating — that is an error of clamping. This error can be
regarded as a departure of the manufacturing datums from the locating ele-
ments of the fixture during the process of clamping. This error is defined as the
maximum possible for the batch of workpieces.

The reasons of the clamping error formation are as follows:

— contact deformation in the joints of manufacturing datums with locat-

ing elements of the fixture;

— errors of form of manufacturing datums and surfaces of the workpiece

which interact with the clamping elements of the fixture;

— variability and non-simultaneous application of the clamping forces.

Fig. 3.41 shows a graphic representation of a housing clamping. During
the clamping, contact deformation of the joint "bottom plane of the housing —
locating pins” occurs and the housing shifts down by the value A,. During ma-
chining (clamping) of a batch of parts, the value A; is variable due to fluctua-
tions in roughness and waviness of the lower surface and the forces of clamp-
ing. The difference between the maximum and minimum values of A, repre-
sents error of the housing clamping in the vertical direction &s,. It should be
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noted that this error has the same effect on the machining accuracy as the lo-
cating error.

Z

Fig. 3.41 Diagram of a housing clamping.
4 = P; — clamping force
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Fig. 3.42 shows diagrams of a shaft clamped in a three-jaw self-centering
chuck. Due to conicity of the workpiece (Fig. 3.42, a), the axial force P, arises
during the clamping, and shifts the workpiece by the value A,. This displace-
ment during the machining (clamping) of a batch of parts can vary from zero to
some maximum value, which is considered as an error of clamping in the axial
direction €3,=A¢ max-

Since cylindrical surface of a workpiece generally has errors of form both
in axial and transverse direction, process of clamping can generate a system of
forces that will cause axial displacement of the workpiece as well as its skew-
ing relatively to the chuck. Thus the clamping errors in axial (e3,) and radial
(e3) directions arise (Fig. 3.42, b).

|

| 7
gi():A()mu\ \/Pi ’

Fig. 3.42 Clamping of a shaft in a three-jaw chuck: a — the outer cylindrical sur-
face of the shaft is tapered; b — cylindrical surface has errors of form in axial and
radial directions

It is obvious that during facing of the shaft on the pre-set machine (when
a cutter is in constant position relative to the bored shoulder in the jaws), the
error of the dimension from the left-hand end (manufacturing datum) to the
faced end can’t be less than the error ;,. The clamping error &3, has no direct
influence on the accuracy of the workpiece diameter. However, this error re-

131



[ 1N

Fig. 3.43 Diagram of displacements and
deformations of a prismatic workpiece
during clamping
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sults in uneven machining allowance
for turning and may cause errors of
form of the machined surface.

Along with the workpiece dis-
placement and skewing during the
clamping, the deformation of the
workpiece also takes place, and this
deformation also is an error of
clamping. These deformations are
closely related to the errors of form
of the manufacturing datums of the
workpiece.

Fig. 3.43 shows clamping of a
prismatic workpiece with the help of
clamps.

Face milling of the upper sur-
face of the workpiece is performed.
Workpiece lower surface, which is a
plane datum, and surface of the
workpiece shoulders, which interact
with the clamps, have errors of form.
The position of the workpiece after
locating is shown in Fig. 3.43, a
(point A belongs to the workpiece).
Let’s assume that the clamps are ap-
plied non-simultaneously. Firstly the
right clamp acts. Under the force P;

the workpiece turns about point A.
At the same time, this force (its
component P,) shifts the workpiece
to the right by the ¢, to the position

shown in Fig. 3.43, b. Under the
force P; of the left clamp, the work-

piece, under certain conditions,
would be elastically deformed by
€4, . Clamped and machined work-

piece is shown in Fig. 3.43, c. After
releasing the workpiece, the bottom
surface of the workpiece will take its
initial form due to elastic forces. The



upper surface of the workpiece will acquire corresponding form error Ag

(Figure 3.43, d).

It is obvious that in the given example, the workpiece deformation can be
drastically reduced by applying clamping forces perpendicular rather than par-
allel to the plane XOZ.

Assuming all said above, we can state that reduction of clamping error
can be achieved by:

— ensuring accuracy and surface layer quality of the manufacturing da-

tums;

— providing rational direction and points of application of clamping forc-

es;

— controlling the values of clamping forces through the use of mecha-

nized drives for fixtures.

Error of a fixture. The fixture error ¢, is due to inaccuracies of fixture

manufacture and location on a machine tool, as well as uneven wear of the lo-
cating elements from the repeated interactions with the workpieces.

For example, a commonly used self-centering three-jaw chucks every
time it is mounted on the machine spindle will take different positions with re-
spect to the clearance between the centering necks of a spindle and chuck bore.
As a result, the workpiece mounted in the chuck is eccentrical relative to the
spindle axis. Clearance between chuck jaws and guides will deflect the jaws
during the clamping, leading to skewing of the workpiece relative to the ma-
chine tool spindle. Mounting surfaces of the jaws are also subjected to wear in
the course of the work. This wear of the different jaws can be uneven. This
wear may also be accompanied by the formation of form errors for the surfac-
es. All this increases the error of workpiece locating.

To reduce fixture error it is needed to:

— improve accuracy of fixtures and accuracy of their mounting on a ma-

chine;

— use fixtures with a minimum number of movable interfaces;

— perform machining of the mounting surfaces of a fixture directly on the

machine, for which the fixture is intended.

For example, the error of a sleeve mounting on an internal grinding ma-
chine can be drastically reduced, if a diaphragm-operated chuck is used instead
of a three-jaw chuck.

The simplest diaphragm-operated chuck (Figure 3.44) consists of a face-
plate 1, diaphragm 2 with a lot of jaws 3 and push rod 4. Under the action of
the push-rod upon the diaphragm, the latter deflects, the jaws opens and ma-
chined sleeve 5 is removed from the chuck (Fig. 3.44, a). Then the next sleeve
Is mounted, the push-rod is moved to the left and under the action of the elastic
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forces the diaphragm returns to its initial shape, closing the jaws and clamping
the sleeve (Fig. 3.44, b).

Fig. 3.44 Diaphragm-operated chuck:
a— jaws are opened; b — jaws are closed

After a diaphragm-operated chuck is mounted on the machine, the jaws
surfaces are ground. This helps to virtually eliminate the influence of chuck
mounting error and jaws wear on the accuracy of the workpiece mounting.

The same is true in other cases. The self-centering three-jaw chucks are
equipped with "soft" jaws that are bored directly on the lathe. After installing
an electromagnetic chuck on a surface grinder, the mounting plane of the
chuck is mandatory ground on the machine. The same is done in case the
mounting surface of the chuck is worn.

Determination of mounting error. Error of workpiece mounting ¢, (in a
given direction) is found as the sum of its components. Considering g, €, & as
ranges of dispersion of random variables with normal distribution, we obtain

_[2 2, .2
€, =4/& t+&; +&T .

The locating error (g)) is determined by geometrical calculation. Clamping
error (g3) and fixture error (gf) are found in reference books. Since it is difficult
to separate these components of the mounting error, usually handbooks specify
only the value of the clamping error that includes error of a corresponding fix-

ture. Thus
/ 2 2
Sy == 8| +83 .

When workpieces are mounted in centers, self-centering chucks, on ex-
pandable mandrels etc. locating and clamping of the workpieces is carried out
simultaneously, so it is difficult to separate them from each other. It is assumed
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that in these cases the locating error in the radial direction is zero. Thus
€y =¢&5-

Mounting of workpieces with alignment. Along with the mounting of
workpieces without their alignment discussed above, the mounting with align-
ment of the position of each workpiece with respect to the layout lines or di-
rectly to the surface of the workpiece is widely used in job production and
small-batch production. Fig. 3.45 shows a schematic diagram of alignment of
the sleeve position on the internal grinding machine. To ensure tight tolerance
of run-out of the ground hole 1 with respect to the previously ground hole 2,
proceed as follows. With the help of shims 3 and repeated clamping-
unclamping of the sleeve the permissible radial run-out of the hole 2 with re-
spect to the axis of the spindle is achieved. This run-out is measured in two
sections of the hole 2 using a dial indicator. After alignment is performed, the
hole 1 is ground.

y
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Fig. 3.45 Scheme of a sleeve position alignment

The error of mounting with alignment is equal to the error of the align-
ment. For example, if after sleeve alignment the run-out of the hole 2 with re-
spect to the spindle axis is up to 0.01 mm, then the mounting error in radial di-
rection is £,=0.005 mm. The ¢, includes both clamping error and fixture error.

It should be noted that the alignment helps to ensure high accuracy of
workpiece set-up, but is very time consuming. Therefore, even in conditions of
batch production the mounting with alignment is avoided. However, in some
cases, the alignment process is automated and is effectively used in large-batch
production for mounting complex-shaped workpieces.

3.2.1.8 Error of Manufacturing System Setting

Dimensional setting of a manufacturing system involves setting of the
cutting edges of a tool in the required position relative to the manufacturing
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datums of the workpieces. The task of dimensional setting is to ensure size of
the workpiece within a specified tolerance zone.

The basic method of dimensional setting is the method of trial cuts, the
essence of which is as follows (Figure 3.46). The cutting tool is fed to the
workpiece mounted on the machine tool, and is set into the position at which
the risk of a defective workpiece is reduced to zero; afterwards a small area of
the workpiece surface is machined. After that, the machine is stopped, the ob-
tained size is measured, and its deviation from the required value (for example,
size from the part drawing) is determined and position of the tool is adjusted.
Then a trial cut is repeated, the obtained size is measured and, if necessary, a
new adjustment to the position of the tool is made. Thus the size within the
specified tolerance zone is ensured by trial cuts. Afterwards the workpiece is
machined on the entire length. These trial cuts are executed for machining of
each surface of the workpiece. The whole process is repeated with each subse-
quent workpiece.

Fig. 3.46 Graphic representation of dimensional setting through the trial cuts:
I, I, —distances of steady cutting process for the first and second cuts, respectively

To make the cutting process steady, the cutting distance at each subse-
quent trial cut should be slightly longer than in the previous one (Fig. 3.46). If
the length of the workpiece is small, the trial cuts are performed over the entire
length.

It must be emphasized that during the method of trial cuts, the cutting tool
Is set to different positions before machining different workpieces with respect
to the manufacturing datums. For example, in turning of the outer surface
(Fig. 3.46), the higher is the hardness of the workpiece and the higher is the al-
lowance the closer is the cutter to the axis of the workpiece before the cutting.
Due to this, the machining errors caused by elastic deformations of the techno-
logical system due to cutting forces are largely reduced. Obviously, with the
trial-cuts method, the errors of machining due to tool wear may also be sub-
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stantially reduced. Thus, the method described above provides high accuracy
of machining, but is very time consuming. That is why this method is used
mainly for job production and small-batch production.

JL

Fig. 3.47 Cylindrical grinding with in-process gauging:
1 —workpiece; 2 — grinding wheel; 3 — in-process gauge

In batch production, the method of trial cuts is effectively used for grind-
ing and honing operations, in this case machine tools are equipped with active
control gauges. Fig. 3.47 shows a diagram of cylindrical grinding with contin-
uous in-process measurement of the actual size of the workpiece. When the ac-
tual size is close to the desired value, the device firstly issues a command to
stop the radial feed, i.e. start the process of sparking-out, and then, when the
actual size is within the tolerance it issues a command for the grinding wheel
withdrawal. Almost all CNC grinding machines are equipped with in-process
gauges. Moreover, these devices are made wide-range and programmable,
which allows one device to measure different sizes.

In batch and mass production, dimensional setting is made for a batch of
parts. Cutting tool is set in the constant position relative to the locating ele-
ments of the fixture, and a batch of workpieces is machined before the fixture
readjustment. This type of machining is called "machining on pre-set ma-
chines". Fig. 3.48 shows endmilling of a shoulder, carried out by an end mill
on a vertical milling machine. The milling cutter, with the help of trial-cuts, is
given a constant position relative to the fixed jaw 1 and base 2 of the vice and
workpiece manufacturing datums, which provide ensuring of manufacturing
dimensions A; and A, within the specified tolerances zones. Actions of an op-
erator are reduced to the installation and removal of workpieces, switching on
and off the table feed and periodic inspection of the A; and A, dimensions,
which are obtained automatically.
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Fig. 3.48 The scheme milling blanks on a vertical milling machine

When value of A; and (or) A, approaches to the limits of tolerance zones,
which in most cases is due to tool wear, readjustment of the manufacturing
system is made.

For dimensional setting of a manufacturing, a setting size (desired size of
the workpiece) is used. Setting size (see Fig. 3.46) is the size of the workpiece
which should be obtained during the setting.

In a trial-cuts method the average size A, of the workpiece is normally
used as the setting size Ay, i.e.

— Am + Anl

Ay=A, = 5 .

where A, and A, are, respectively, the maximum and minimum limits of the
manufacturing dimension which is obtained on the given processing step (op-
eration). Actual values of the manufacturing dimension are always in some de-
gree deviate from Ay. The largest deviation of the actual manufacturing dimen-
sion Ay of a batch of parts, measured on the surface of trial cuts, can be con-
sidered as an error of setting. This error Ay is a sum of error A,q of adjustment
of the cutting tool position (with the help of the handwheel dial or limb) and
error Aneas OF the workpiece measurement. Considering that the distribution of
errors of measurement and adjustment is normal, the error of setting with trial-
cuts method is calculated as follows

AH = \/Azad +A2meas .
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The error Ay is determined by the scale interval of the machine dial, the
error of the measurement A.,s depends on the type of the measuring instru-
ment. VValues of these errors are given in handbooks.

During the manufacturing system setting for machining of a batch of
parts, the setting size Ay should be of such value so that it is possible to ma-
chine the greatest possible number of workpieces before the readjustment. To
determine the Ay that meets this requirement a scatter diagram is needed. This
diagram is used to assess random and systematic errors of machining depend-
ing on the time t and number of the machined workpieces n. However, a scatter
diagram can be obtained only on the basis of measurements of the dimensions
of workpieces in the previous period of work. There is no scatter diagram at
the time of the first setting. Thus, the dimensional setting for machining of a
batch of workpieces should be carried out in two stages, as shown in Fig. 3.49
for machining of “shaft” sizes.

During the first stage, to avoid reject, the setting is performed by trial-cuts
method with the average manufacturing dimension A used as a setting size A[,.

With this setting a batch of workpieces is machined and sizes of the machined
workpieces are measured. Thus, a scatter diagram of machining results is built.
The systematic errors due to tool wear are determined by the tangent of the an-

gle of inclination of R: f (t) to the abscissa axis, where A’ is the current av-

erage size of the workpieces. Random errors are characterized by the range of
size dispersion, the limits of which are shown by the lines parallel to the line

Rz f (t). Parameters of the function R: f(t) are found by the least square

method. The current value of the standard deviation of the machined sizes is
calculated for the group (I, I, 111 ...) of sequentially machined workpieces. The
number of workpieces in a group ng is usually equal to 5. Since standard devi-
ations of workpieces of different groups are somewhat different from each oth-
er, the deviation that is maximum is selected. Considering that the size distri-
bution within the range of dispersion is normal,

0 =606 ax -
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Fig. 3.49 The scheme of dimensional configuration for processing batch of blanks

During the second stage of setting, to get the greatest possible number of
accepted workpieces without readjustment, the range of size dispersion o, is

shifted to the lower limit of the tolerance zone of the manufacturing size A.

(Tangents of angles of R: f(t) and K: f(t) are considered equal.) The
A, +30, . 1S taken as the setting size A,. The method of trial cuts is used to
set the manufacturing system to this size. Then several workpieces are ma-

chined and measured, and if the average value of the actual sizes A is close
to the A, = A, +30; . then the machining of batch of workpieces is per-

formed. Otherwise a correction in position of the cutting tool is made.
Similarly, the dimensional setting for machining of “hole”-sizes of parts
of a batch is made. In this case, the setting size of the second stage will be
A = Ahu _3Gtrmx :
Error of setting Ay for machining of a batch of workpieces can be consid-
ered as a deviation of Ata from Ay. This error is defined by the formula

AH = \/Azald + AZmeas + AZcalc )

where Acc IS the error of Ata calculation due to limited number of workpieces
in the group ng. The error Ag,. is found on the relations of mathematical statis-
tics. For example, if ng=5 and 6imx=0.02 mm, with a probability of 0.9 the
Acarc Will be equal to 0.02 mm.

Taking into account the error of setting, the equations for calculation of
the setting size for machining “shaft”-sizes and “hole”-sizes, respectively, will
be
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Ay = Ay + 30y + A
Ah = Ahu _BGHT‘B.X _AH'

Dimensional setting of the manufacturing system, especially during mul-
tiple-tool machining, is rather time-consuming. To simplify this setting, the
setting with the help of an etalon is used; this etalon is an analogue of the ma-
chined workpiece.

The etalon is set on the idle machine instead of a workpiece, then slides
are moved to the position corresponding to the end of the pass. The cutting
tools are installed and secured in holders so that their cutting edges touch the
corresponding surfaces of the etalon. Further the etalon is removed from the
machine and a workpiece is mounted.

The etalon is made with high accuracy (its surfaces are ground). Sizes of
an etalon are a little bit different from the sizes of a workpiece to be machined.
For example, diameter D¢ of the etalon (Fig. 3.50), intended for setting for
machining of shafts, is less than the workpiece diameter by the value of correc-
tion C. This correction includes elastic deflection of a cutting tool and a work-
piece A, and roughness of the machined surface Rz, all this increase diameter
of the workpiece compare to the etalon diameter. It is clear that for machining
of holes the impact of A, and Rz on the diameter will be opposite and the sign
of the correction will be positive. Thus, for machining of “shafts” and “holes”
the etalon diameter, respectively, is calculated as follows:

Det = Dyork = C = Dyork —2(A +R2);

et work

D = Dyork +C = Dyori + 2(Ay + R2).

Fig. 3.50 Relationship between diameters of an etalon and a workpiece

During the process of setting with an etalon, it is important to precisely
define the moment of a cutter touching the corresponding surface of the etalon.

141



For this purpose a thin paper is placed and is constantly displaced between the
etalon and a cutting tool. When the paper is jammed by a tool, then it is con-
sidered that the tool has touched the etalon surface.

The error of setting with an etalon depends on a number of components:
error of etalon manufacture, error of mounting on a machine tool, error of
touching determination, etc. In general, this method of setting has a significant
error, which 1s 0.05...0.1 mm.

In some cases a previously machined part is taken as an etalon. In this
case, correction to the position of the cutting tools set by an etalon is to be
made with respect to the results of machining of the first workpieces.

Fig. 3.51 The scheme of interchangeable setting:
a — position of a cutting tool on a machine; b — setting of a tool length off-the-
machine. 1 — adjusting screw; 2 — lock nut; 3 — measuring head

To reduce time needed for readjustment of manufacturing systems in
batch and mass production, the interchangeable tools are used. Fig. 3.51 shows
a graphical representation of the so-called interchangeable setting. The re-
quired length of the tool L, (Fig. 3.51, a) is initially defined by the trial-cuts
method. When the cutter is worn, it is replaced by a new one. The length of the
new cutter L, is adjusted off-the-machine with the help of the screw 1 and
locknut 2 (Fig. 3.51, b).
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In some cases, the entire removable slides with clamped multiple tools
(also set off-the-machine) are made interchangeable. This significantly reduces
machine downtime related to the dimensional setting.

3.2.1.9 Determination of Total Machining Error of Processing Step

During the design of manufacturing processes, the total machining error is
of major interest.
In the simplest case, the total error of the size of workpieces machined on
a pre-set machine is found as an algebraic summation of the individual errors:
A=g,+Ay+A +A, +A +2 A, (3.6)

where g, is the error of workpiece mounting; Ay is the error of manufacturing
system setting; A is the error due to elastic deformation of the system under
cutting forces; A, is the error due to tool wear; A, is the error due to tempera-
ture deformations of the manufacturing system.

The first five components in Equation (3.6) are the ranges of dispersion of
the corresponding individual errors and reflect their effect on the dispersion of
workpieces size. The sixth component > A; reflects the influence of the geo-

metric errors of the machine tool, workpiece deformation due to clamping
forces and elastic deformations of the manufacturing system due to cutting
forces on the error of form of the workpiece machined surface.

The error > A; must be found for the workpieces cross-sections, in which

the rigidity of the technological system is minimal. For example, for turning of
a workpiece clamped at one side the A, value should be determined at its right
end.

Total error of the diametrical size should be determined with the mount-
ing error g, excluded, since, as shown above, this error has no direct effect on
the error of these dimensions. For this reason, &, should be excluded from the
total error of the size that connects two opposite elements of a workpiece that
is simultaneously machined by a set of cutting tools.

The error >’ A; must be found with respect to the mutual compensation of

its individual components. For example, in turning of a shaft clamped at one
side, its diameter at the right end is larger than that near the chuck due to de-
flection under the cutting forces (see Fig. 3.25, a). At the same time, if the
spindle axis is not parallel to the guideways in the horizontal plane, the ma-
chined surface of the workpiece will be tapered (see Fig. 3.21, a). If the vertex
of the cone faces the tailstock, then the form errors are partially or fully com-
pensated. If reversed, the form errors are summed together.

The calculation of the total error of a size by Equation (3.6) is quite sim-
ple. However, values of A are considerably high.
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The total error of a size can be estimated more precise, if the probabilistic
nature of individual errors is considered. The first five terms in Equation (3.6)
are random errors (value). The term > A; is a constant systematic error. Distri-

butions of &,, Ay and A to a high accuracy can be considered normal, and dis-
tributions of A, and A; — can be considered as distributions of equal probabil-
ity. Then [in analogy with Equation (2.22)] the total error of machining can be
written as

A=ty W2(e2 + 0% +A2) +25(A% + ) + XA, (37)
Usually t, is taken equal to 3. For normal distribution the coefficient
22 =é; for distribution of equal probability A :%. With this Equation (4.7)

takes form

A:\/8§+A2H + A2 +3A%, +3A) + T A (3.8)
For diameters

A=A, + A +30 +38 + T A, . (3.9)

Equations (3.8-3.9) are the most common. The main advantage of these
equations is that with the elementary errors given, the expected accuracy of a
size can be calculated. This allows engineers to compare different versions of
the manufacturing process and to select the most appropriate one at the early
stages of manufacturing process design. In addition, it is important for the de-
velopment of new manufacturing processes, for example, when there is a task
to establish the causes of unacceptably low accuracy of machining and find the
ways to improve it.

However, it should be borne in mind that the calculation of the total error
of workpieces machining in a number of cases is difficult in the absence of re-
liable initial data (e.g., data on the dimensional wear of cutting tools, the rigidi-
ty of elements of technological systems, etc.), as well as the lack of methods
for calculating the individual elementary errors, such as errors due to thermal
deformation of a machine tool, for example. Therefore, in addition to the cal-
culation of the machining error, the tables of data on machining accuracy are
widely used in mechanical engineering. These tables are obtained by statistical
studies of machining accuracy in production conditions.

3.2.2 Ensuring Accuracy During Manufacturing Process

As noted, the workpiece cannot be machined entirely at one processing
step. To do this, a number of processing steps or operations, which together
form a manufacturing process, is required. As this manufacturing process is
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executed, the workpiece becomes closer to the shape of the finished part, and
after the last operation the workpiece turns into the part.

The process of converting the initial workpiece into a part may be per-
formed by various methods and means of manufacturing. For example, cutting,
EDM and electrochemical machining can be used to ensure the desired size
and shape of the part.

In establishing the relations between the parameters of accuracy of the
workpiece, which are obtained in the course of the manufacturing process, the
concept refinement is used. This concept reflects the relationship between ac-
curacy (error) of machining before and after the operation (processing step) or
the whole manufacturing process.

By the actual refinement ¢, of the manufacturing process the relation of

the initial workpiece error A, to the error of the part A, on the given pa-
rameter (Size, shape, location of surfaces) is meant:
€ = AWOI’kin/Ap
After each processing step (operation), errors of the workpiece decrease
in accordance with the value

A .
Ki —
< Wor|1’

a; A
where Ao 1 Awor; are respectively errors before and after the i™ processing
step.

Obviously, after the m processing steps of the manufacturing process, the
refinement

worki

m
€2 = 831832 €am = _1_[18ai :
i=

To ensure a particular parameter of accuracy during the production of

parts, it is necessary that the corresponding tolerance of the part is
m

Tp 2 Ayorki /ga = Avor / T1&4i - (3.10)

=1

In the designing of manufacturing process the first and foremost task is to
define a list of processing steps (operations) for machining of every surface of
the workpiece and to define the refinements ¢, at each processing step to en-

sure Equation (3.10). Solution of this task is examined in Section 5.

As shown in Section 2, the individual dimensions of a part (functional
dimensions) can be obtained as the resulting dimensions of manufacturing di-
mensional chains the component dimensions of which are the manufacturing
dimensions. In other words, accuracy of individual functional dimensions can
be determined as accuracy of several manufacturing dimensions obtained on
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various processing steps and operations of the process. Accuracy of these func-
tional dimensions can be ensured only when these dimensions are in relation to
the corresponding manufacturing dimensions. Such relation is made during the
tolerance analysis of the designed process. The procedure of the tolerance
analysis is discussed in Section 5.

Review Questions

1. How can you enhance material properties of the cast and formed
workpieces?

2. How does heat treatment (annealing, normalizing, hardening, temper-
ing) change properties of steel workpieces?

3. How does chemical-heat treatment (carburizing, nitriding, carbonitrid-
ing) change properties of workpieces?

4. List the main parameters of the surface layer quality.

How does quality of the surface layer influence on performance of

parts and their joints?

How do cutting parameters influence surface layer quality?

How do grinding parameters influence surface layer quality?

What is the purpose of cold working of parts?

How can work hardening and residual stresses be eliminated in surface

layer of a part?

10.List the main causes of errors of workpiece machining.

11.Why precision machine tools should be used only for finishing opera-
tions?

12.How can you reduce machining errors caused by elastic deformations
of the technological system due to cutting forces?

13.How can you reduce the machining errors caused by thermal defor-
mations of the technological system?

14.How can you reduce machining errors caused by cutting tool wear?

15.How can you reduce machining errors caused by residual stresses?

16.How can you reduce machining errors caused by inaccuracy of sizing
cutting tools?

17.List the components of error of workpiece mounting.

18.How can you reduce the error of workpiece mounting?

19.How does mounting error influence the accuracy of machining?

20.What is the nature of the installation pieces with alignment? When is it
applied?

21.What is working setting size and how is it determined?

o
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22.Why does the method of trial cuts provide higher accuracy compared
to machining on pre-set machine tools?

23.What is the aim of setting a manufacturing system for machining a
batch of workpieces?

24.What methods can be used for a manufacturing system setting?
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4. Improving Technical-Economic Efficiency of Manufacturing

The main criteria of technical and economic efficiency of manufacturing
are productivity and prime cost. The sections that follow consider the key
methods to increase productivity and reduce costs.

4.1 Technological Ways of Increasing Machining Productivity

4.1.1 Operation Cycle per Part Minimization

The main share of operation cycle per part (OCPP) is the operation time,
which is equal to the sum of the machining time and the portion of the auxilia-
ry time that is not overlapped by the machining time. Therefore, the OCPP can
mainly be cut down by reducing the machining time, reducing the auxiliary
time directly or by overlapping it by the machining time.

The machining time, which is determined for each processing step by the
equation as

R
Swm
can be cut down by reducing estimated cutting length L and number of passes i
and increasing millimeters per minute feed-rate Sy,.
L.,

P -l

1y

Fig. 4.1 Face milling operation

The estimated cutting distance, in its turn, can be decreased by:

— reducing the distance of engagement;

— changing from the machining with longitudinal feed to the cross-feed
(infeed) machining;

— combining the processing steps, i.e. simultaneous (parallel) execution
of simple processing steps.
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Fig. 4.1 shows the diagram of milling a flat surface by a face mill. It can
be noted that the increase of the milling cutter diameter can greatly reduce the
engagement distance (17, =1.,) and, thereby reduce the t,.

A much more significant reduction in the estimated cutting length and
machining time can be achieved, for example, by replacing longitudinal turn-
ing for cross-feed turning with a form cutter (Figure 4.2.).

Fig. 4.2 Longitudinal turning by a general purpose cutter (a) and form cutter (b)

To reduce the estimated cutting length and machining time, the combina-
tion of processing steps is widely used. These steps can be performed with ei-
ther identical (Fig. 4.3, a) or different (Figure 4.3, b) tools. During the simulta-
neous drilling of identical holes in a workpiece by means of multi-spindle drill-
ing heads (Fig. 4.3, a), the estimated cutting length and machining time are re-
duced in proportion to the number of the holes. During the simultaneous turn-
ing of different surfaces of a workpiece with the different cutting tools,
clamped in different supports of the machine (Fig. 4.3, b), the estimated cutting
length and machining time are reduced to the estimated cutting length and ma-
chining time of the limiting step.
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Fig. 4.3 Diagrams of machining by combining processing steps:
a—on a vertical drilling machine equipped with a multi-spindle head;
b — on a lathe with a longitudinal and cross slide

It should be noted that the in-feed machining and combination of pro-
cessing steps are often impeded by the lack of rigidity of the technological sys-
tem and, above all, by the low rigidity of the workpieces. Therefore, in many
cases, methods of in-feed machining are rejected, and different surfaces of a
workpiece are machined one by one.

To reduce machining time by decreasing the number of passes, it is nec-
essary to reduce allowances and redundant allowances. This can be achieved
with the help of workpieces, which shape and dimensions as close as possible
to the finished part. Moreover, it is important to decrease allowances both dur-
ing the preliminary machining of workpieces and during the finish operations,
for example, for internal grinding, which is characterized by small in-feed val-
ues and a great number of passes.

One of the major ways of machining time reduction is the use of high-
performance cutting tools, which allow higher cutting speed and (or) feed rate
per revolution (or per double stroke) of a workpiece or of a cutting tool to be
used, and thus helps to increase the feed rate per minute.

Most of the OCPP time can be presented by auxiliary time. In some cases,
for example in cylindrical grinding on universal cylindrical grinding machines,
auxiliary time is several times the machining time.

The direct reduction of auxiliary time is provided by:

— use of fixtures with a high-performance mechanical drives (pneumatic,

hydraulic, electromagnetic, etc.), which can reduce time needed for
loading and unloading the workpiece;
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— reduction of time needed to operate the machine and fixtures through
proper allocation of control units, mechanization and automation of
fixture, increase of idle run speed,;

— reduction of time needed to measure workpieces through the use of
high-performance instrumentation.

The significant reduction of both the machining and auxiliary time is
achieved through the multiple-workpiece machining, in which from two to
several dozen of workpieces are mounted on the machine.

Fig. 4.4 shows a diagram of a multiple-workpiece machining (turning of
rings). In this case the distances of engagement, approach and over-travel are
reduced in proportion to the number of workpieces, leading to reduce in ma-
chining time. Auxiliary time, spent on loading the workpieces and controlling
the machine, is also significantly reduced.

VC | | -

Fig. 4.4 Diagram of a sequential multiple-workpiece machining

In parallel multiple-tool machining (Fig. 4.5) it becomes possible to com-
bine processing steps. In this case, machining time is reduced to the machining
time of the limiting step divided by the number of workpieces, and as well as a
reduction in the above-mentioned components of the auxiliary time is provid-
ed.
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Fig. 4.5 Diagram of a parallel multiple-workpiece machining

Multiple machining methods give an opportunity to overlap auxiliary time
by the machining time that is not possible with the single machining.

In the simplest case this is achieved by so-called "pendulum™ machining,
when, for example, the table of a vertical milling machine carries two fixtures
for mounting of workpieces (Fig. 4.6). While one workpiece is being ma-
chined, the previously machined workpiece is unloaded from the machine and
is replaced by the next workpiece to be machined.

The most successful overlapping of the auxiliary time by the machining
time is performed with a continuously rotating table or drum. Fig. 4.7 shows
face milling on the two-spindle vertical milling machine with a continuously
rotating table. Milling cutters, clamped in spindles | and I, perform rough and
finish milling, respectively. Loading and unloading of the workpieces are per-
formed in the loading area without stopping the machine.

Vv

2

I'f | | |

/

Fig. 4.6 "Pendulum” milling. 1 — fixture; 2 - workpiece
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Multiple machining with combination of steps is effectively implemented
on automatic and semi-automatic multi-spindle machines, modular multi-
spindle and multiple-station machines and automated production lines.

4 V

Loading position

Fig. 4.7 Diagram of a multiple parallel-sequential machining with continuous load-
ing of workpieces

Fig. 4.8 shows, as an example, a diagram of machining on an automatic 4-
spindle bar machine. Each workpiece sequentially passes through the working
positions I-1V, in which parallel processing steps are executed by a series of
tools installed in the longitudinal and cross slides. As the spindle drum indexes
through 90°, another machined workpiece comes off.
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Fig. 4.8 Diagram of the machining on an automatic 4-spindle bar machine

4.1.2 Setup Time Minimization. Multiple Machining

As noted above, when workpieces are machined in batches, standard time
for an operation is the sum of OCPP t,. and standard setup time t; divided by
the batch volume n

— tS
H,=t,+ -

According to this equation, the portion of setup time for the operation can
be reduced by either direct decreasing ts or increasing the batch volume n.

Recall that the setup time is spent on familiarization with the task (draw-
ings, technical documentation, getting instructions from the master), setting up
tools and fixtures, jaws, templates, replaceable gears, setting of the machine
tool, test-part machining, removal of fixtures and tools from the machine tool,
handling finished parts, remains of materials, fixtures, tools, technical docu-
mentation and work-order.

Clear written manufacturing process documentation and drawing reduce
the time spent on familiarization with the task.

Reduction of time needed for installing fixture and tools on the machine
tool is ensured by interchangeability principle. For example, to ensure required
accuracy of the fixture position on a milling machine table, the fixture is pro-
vided with locating keys that fit into the table central slot, which tolerance is
H7 or HS.

To reduce the time required for setting the technological system, inter-
changeable tool holders, turrets and interchangeable tool magazines with the
preset tools are widely used. Modular machine tools are equipped with the re-
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placeable spindle drums, which are used for machining workpieces of several
types.

One of the most important ways to reduce setup times is group technolo-
gy, scientific foundations of which were developed by Prof. S.P. Mitrofanov.
The essence of the group technology is as follows. Parts that are close in size,
weight, material, accuracy and surface layer quality and allow machining on
the same equipment are combined into groups. For each group, an integrated
(group) manufacturing process is designed, tool set-ups and fixtures, with the
goal to minimize the set-up time, spent to change from machining one part to
another part, and reduce equipment downtime.

As a result, careful selection of parts into a group, well designed group
manufacturing process and rational design of group-fixtures that require mini-
mal changeovers practically allow the batch production to be turned into mass
production.

It should be noted that in many cases of group technology, it is economi-
cally feasible to apply equipment of higher productivity, including re-
adjustable automatic production lines.

The simplest is the implementation of group operations. Fig. 4.9 shows an
example of a fragment of group setup of the semi-automatic 8-spindle lathe for
machining parts of three types. In this case, the machine tool is equipped with
rotary tool plates (tool holders). Each side of the tool holder carries tools in-
tended for machining respective types of the workpieces. When a workpiece 1
Is being machined, these tool holders for all positions of the machine are in-
dexed to the first position (tools for workpieces 2 and 3 are in the off-position).
To change to machining of workpieces of other type (2 or 3) it is needed to on-
ly index the tool holders and clamp the workpiece in the corresponding surfac-
es of the chuck jaws.
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Fig. 4.9 An example of 8-spindle lathe set for machining parts of three types: 1-3 —
workpieces; 4 — locking pin

It should be emphasized that a group, particularly for the group opera-
tions, can be built of parts that differ in design, but have similarities in produc-
tion allowing machining on the same machine tool. An example of a group of
such parts is shown in Fig. 4.10.
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Fig. 4.10 Example of parts grouped into a family

During the design of group manufacturing processes, after grouping the
parts, a typical part of the group is allocated as a representative part or the
complex part of the group is formed. A representative part shall have all the
surfaces of the parts of the group. Usually, as a typical representative part, the
most complex part of the group is taken. If there is no such part that can be
taken as a typical representative of the group, an artificial complex-part, con-
taining all the surfaces of the group parts, is created. An example of the com-
plex-part formation for the group of parts is shown in Fig. 4.11.
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Fig. 4.11 Formation of a complex-part: a-h — parts of a group; i — the complex-part.
1-7 — elementary surfaces

Manufacturing processes and tooling setups are designed for a representa-
tive part or a complex-part. Machining of the certain parts of the group can be
performed with the omission of certain operations or processing steps of the
group manufacturing process.

4.2 Prime Cost Minimization

4.2.1 Multiple-machine Manning

Manning of several machine tools helps to raise productivity and reduce
wages. Multiple-machine manning becomes practical for operations with quite
long machining time. During the machining time, the worker is not employed
on a machine tool and can perform work on the other machines tools.

Auxiliary time in multiple-machine manning is divided into two types:
the overlapping auxiliary time (t,,) and non-overlapping auxiliary time (t,,). By
t, IS meant the auxiliary time that is overlapped by machining time t,, of a sin-
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gle machine tool, by t,, is meant the auxiliary time that is not overlapped by
machining time t, of a single machine tool.

The auxiliary time, except the specified components, also includes time
the worker needs to walk from one machine to another one (tpas).

Equipment maintenance time (t;), workplace preparation time (t,,) and
time for rest (t;) in multiple-machine manning make up extra-time (te):

L =t +1,, +1.,
which is planned for a work shift.

L L
Ly !

m

1st machine N
t{lO
2nd machine k k g

3rd machine N k g

t ass
4th machine E N g

Fig. 4.12 Sequence diagram of a multiple-machine manning with the full use
of machining time

Let’s consider the sequence diagram for the multiple-machine manning
(Fig. 4.12), in which the same machines that perform the same operation are
used. The worker removes a finished part from the machine, loads the next part
and switches on the machine. The time spent on these actions forms non-
overlapping auxiliary time (t.,). Then the worker measures the finished part,
spending overlapping auxiliary time (t,,), and walks to the second machine tool
and so on. By the end of machining cycle on the first machine, the worker goes
back to it. Further, the cycles of the multiple-machine operation are repeated.

Operation cycle (T.) in multiple-machine manning, i.e. the period of time
during which the same actions are repeated on all the machines (Fig. 4.12), is
as follows

T, =t,+t,,.
The machining time will be fully used, if
tn =tan(N 1) + (t5, +tpass)N ,
where N is the number of the machines being manned.
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Hence
— tm + tan
tan + tao +tpass
Standard production rate per shift for manning of N machines is

T, —t
H :NM’
pr T

C

where T, IS the duration of the shift.

The given sequence diagram of multiple-machine manning is an idealized
one. In fact, it is difficult to achieve such a sequence diagram in practice. Thus,
in cases when simple low-cost machines are manned, the full-time work of a
worker and some downtime of the machines are usually accepted. And vice
versa, downtime is eliminated and the worker is not fully loaded, when expen-
sive machinery is used.

It should be noted that in practice, in many cases the multiple-machine
manning is organized in such a way that the worker operates the machines
(of one group) which perform various operations or even the machines that be-
long to different groups, such as turning and milling.

4.2.2 Reduction of Materials Cost

A significant portion of the prime cost of a part is the cost of materials.
Reducing these costs can be achieved by:

— near net-shape workpieces;

— economical use of expensive materials;

— produce waste, during the machining, in the most valuable form that

can be used to produce other parts.

Using the workpieces of a shape and dimensions close to the finished
part, helps to not only reduce material costs, but also reduce the amount of ma-
chining and associated costs.

To save expensive materials, the parts are made compound. For example,
bearing sleeve is made bimetallic (inner part is non-ferrous metal, outer is
structural steel). Many cutting tools are also made as compound (drills, end
mills, etc.). The high speed steel or carbide working part is connected to the
structural steel shank by welding or soldering.

Significant material saving is gained with the rational cutting of sheets.
Fig. 4.13 shows, how by a small change in the part design (from the part
shown in Fig. 4.13, a to the part shown in Fig. 4.13, b), it is possible to signifi-
cantly reduce waste in cutting of sheets.
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Fig. 4.13 The impact of the part design on the amount of wasted material

An example of wastes in the most valuable form is a core, formed after
trepanning operation (Figure 4.14). Trepanning drills are used for making
holes with diameters of 70... 200 mm and larger. The produced core is used for
manufacture of other parts. It should be noted that trepanning can not only save
material, but also significantly increase productivity, as well as reduce energy
and tool costs.

Fig. 4.14 Drilling of holes with a trepanning drill

4.2.3 Reduction of Costs for Manufacturing Process Planning.
Typification of Manufacturing Processes

The costs of manufacturing process planning (MPP) can contribute signif-
icantly to the prime cost of parts. MPP involves designing of manufacturing
process, designing and manufacturing of fixtures and organization of manufac-
turing process inspection.

One way of reducing time and cost of the designing of manufacturing
process and tooling is the extensive use of standard (or typical) manufacturing
processes.

The idea of the manufacturing process typification was expressed in the
30-60-ies of XX century by prof. A.P. Sokolovsky. In line with this idea the
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parts of the machines, according to similarities in design and production, are
divided into classes (shafts, gears, brackets, levers, bushings, etc.). Each class
Is divided into subclasses, groups, subgroups and types. An example of classi-
fication of parts (brackets) is shown in Fig. 4.15.

Class Subclass Group Subgroup Type

One-bore with the axis ‘ %I
g Simple parallel to the <
2 base |
= - —
- [ — 1 |
5 Two-bore with the axis < -
= Complex —  parallel to the base

|
Two-stand with the axes % - E
' |

parallel to the base |

Brackets

Two-stand with the
—  perpendicular axes

For mounting One-stand with several
ascale bores that are mutually
parallel and parallel
- to the base
S For mounting
2 a motors
“ Two-stand with the
L1 bores axes perpendicular
to the base

I
|
- Other i
|
|

Fig. 4.15 An example of part classification

For the parts of each type, considering the manufacturing conditions (pro-
duction method), a typical manufacturing process is developed. This also re-
quires to set type of the workpiece, type of the equipment used, sequence and
content of the machining operations, fixtures and schemes of parts locating.
The degree of detailed elaboration of the typical manufacturing process can be
different and depends on the degree of unification of parts covered by this
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type. With a high degree of parts unification the typical process contains all in-
formation necessary to manufacture the parts of the type. Otherwise, the typi-
cal process can be represented as a list of sequentially performed operations,
with the machine tool models specified (route typical process typical process
route sheet). This process serves as the information basis for the development
of the typical process operation sheet

Typical processes are developed as industry-wide or enterprise-based, on
the analysis and summarizing of the experience of advanced mechanical engi-
neering plants. These processes use the most efficient and reliable engineering
solutions, tested and proved in production environment.

Designing of a manufacturing process for a particular part, on the basis of
a typical manufacturing process, can significantly reduce time and costs for the
project, as well as significantly improve quality of design activities. However,
it should be borne in mind that the typical manufacturing processes reflect past
experience. Thus, the typical manufacturing processes, as the mechanical engi-
neering advances, must be periodically adjusted.

The most common application of typical manufacturing processes is
found in large-batch production and mass production.

Application of computer-aided systems, which are largely based on the
use of typical processes, can sharply reduce time and costs for fixture design
and process planning. It is important that this not only reduces production
costs, but also provides a higher, compared to manual design, quality of design
decisions and reduces the time and cost for revision and implementation of
manufacturing processes.

Review Questions

1. How can you reduce machining time?

How does rigidity of technological system affect the possibility of

combining the processing steps?

How can you reduce auxiliary time?

What are advantages of multiple-machining?

How can you reduce setup time?

What is the essence of group technology?

How can you reduce materials costs?

When multiple-machine manning is applicable and what advantages it

provides?

8. What is the essence of process typification and what advantages it
provides?

=

No ko
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5. Fundamentals of Manufacturing Process Design

5.1 General Concepts. Principles and Sequence of Manufacturing
Process Design

Types of manufacturing processes. Manufacturing processes are classi-
fied according to the following features:

— form of the process organization, which is determined by the number

of articles of manufacture covered,;

— degree of the process implementation under specific production condi-

tions.

Depending on the form of the process organization, there are three types
of manufacturing processes:

— uniform;

— typical;

— group.

Uniform manufacturing process is a process of manufacture or repair of
products of one type, size, and configuration, regardless of the method of pro-
duction.

Typical manufacturing process is a process of manufacturing a group
(family) of products similar in design and production.

Group manufacturing process is a process of manufacturing products,
which are different in design, but similar in production.

Depending on the degree of process implementation in production, two
types of process are distinguished:

— working;

— prospective.

Working manufacturing process is a process of manufacture of one or
more products according to the implemented manufacturing process documen-
tation.

Prospective manufacturing process is an up-to-date manufacturing pro-
cess that is to be implemented at the enterprise (used as information basis for
designing of working manufacturing processes during the technological and
organizational retooling of production).

Depending on complexity, cost and method of production of products, the
different manufacturing process documentation, depending on degree of de-
tailed elaboration of the documentation, are used:

— routing;

— operational;
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— route-operational.

The route description of the manufacturing process briefly describes all
production operations in a route sheet, in the sequence of their execution with-
out specifying the processing steps and manufacturing parameters.

The operational description of the manufacturing process gives a com-
plete description of all manufacturing operations in the sequence of execution,
specifying processing steps and manufacturing parameters.

Route-operational description of the manufacturing process briefly de-
scribes all production operations in a route sheet, in the sequence of their im-
plementation, with a complete description of individual operations in other
manufacturing documents.

In accordance with the adopted process description, the routing, opera-
tional and route- operational manufacturing processes are distinguished.

Routing and route-operational description are used in job production and
small-batch production, operational description is mainly used in medium-
batch, large-batch and mass production. When large (expensive) parts are
manufactured, the operational description also is used in job and small-batch
production.

Below we will mainly consider the design of a uniform operational manu-
facturing process.

The design of a uniform operational manufacturing process is aimed at
giving a detailed description of all stages of parts manufacturing along with the
technical and economic calculations and validation of decisions. As a result of
technical documentation design, engineering and technical personnel and
workers receive all the necessary information for the implementation of the
developed process. During the design process the manufacturing means
(equipment, fixtures, cutting and measuring tools), the labour-intensity and
manufacturing cost of parts are determined. This serves as a basis for organiz-
ing the supply of basic and auxiliary materials, for production scheduling, en-
gineering inspection, tooling and transportation maintenance, as well as for
definition of the production area, necessary energy and labour resources.

It is necessary to distinguish design of manufacturing processes for exist-
ing factories from the processes for the newly designed (reconstructed) facto-
ries. In the first case, manufacturing processes are designed for manufacture of
new or improved products or products that are in production to improve the
technical and economic characteristics of the manufacturing process, based on
application of modern science and technology advances. In the second case,
the manufacturing processes developed on the basis of these advances are the
foundation for the whole project of a new (reconstructed) factory.

Principles of the manufacturing process design. Design of manufactur-
Ing processes is carried out on the basis of two principles: technical and eco-
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nomic. According to the technical principle, the manufacturing process should
comply with all the technical requirements. These requirements can be met in
several variants of the manufacturing process, which differ, for example, in the
methods of workpiece production, in machine tools and tooling applied. In ac-
cordance with the economic principle, the adopted version of the manufactur-
ing process should be the most cost effective.

Initial data and sequence of the manufacturing process design. The
initial information needed for design of the manufacturing process is divided
into the basic, reference and guidelines information.

For designing processes for new factories or enterprises, basic infor-
mation include part drawing, drawing of the assembly that includes the part,
volume of production.

For design of a manufacturing process for existing factories the basic in-
formation is supplemented with information about equipment, fixtures, tools,
production facilities available in the factory and other manufacturing condi-
tions. Moreover, manufacturing engineer, in making decisions, is often forced
to focus primarily on the use of manufacturing means available in the factory.

Reference information is represented in a form of catalogues and produc-
tion equipment documents, fixture alboums, standards for cutting and measuring
tools, guidelines on the machining accuracy and surface layer quality of the
workpieces, standards for the calculation of allowances, cutting parameters and
standard times, wage rate handbooks, etc.

Guidelines include information about the prospective manufacturing pro-
cesses of the industry, standards of manufacturing processes and technical
documentation, main requirements for the current state and future prospects of
production development at the factory.

The manufacturing process is developed in a certain sequence.

1. Firstly, the analysis of technical requirements of the part is performed,
then the possibility of meeting and inspecting these requirements, in the facto-
ry conditions, is defined, and the most complex technological problems of the
manufacture are identified.

2. The method of production and the form of its organization is deter-
mined (mode of production).

3. The drawing is analyzed for manufacturability in the factory condi-
tions.

4. Workpiece type and the method of its manufacture is chosen.

5. Manufacturing datums are assigned.

6. Sequence of surface machining is defined, i.e. the sequence of pro-
cessing steps needed to comply with the accuracy and surface layers quality
specified on the drawing.
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7. Route of manufacturing is designed, then manufacturing means are
chosen and manufacturing process operations are designed.

8. Tolerance analysis of the process is performed (calculation of machin-
ing allowances and manufacturing dimensions of the workpiece).

9. Cutting parameters are calculated.

10. Calculation of standard times or production rates.

11. Technical and economic parameters of the manufacturing process are
determined.

12. Technical documentation is drawn up.

5.2 Analysis of Drawing Specifications and Identification of Part
Manufacturing Objectives

Before the design of a manufacturing process, the working drawings of
the part and the product (assembly unit) which include the part are studied in
detail. Then the functions and operation conditions of the part are revealed.

The part drawing should give a comprehensive concept of the part. The
drawing must contain a sufficient number of projections, sections and views; it
should contain all the necessary dimensions (with limit deviations), tolerances
of form and location, parameters of roughness and waviness, heat or chemical
heat treatment, type of coating, hardness of the material and specific technical
requirements (for example, the permissible degree of unbalance).

The specifications given in the drawing are considered from the following
perspective:

— rationality of the specifications set by a design-engineer (e.g., whether
the requirements aren’t raised too high, correctness of part dimension-
ing, etc.);

— possibility of meeting the specifications with the help of the common
and available in the factory tooling;

— possibility of inspection by the common methods and instruments.

For example, if the size of the analyzed part is a component dimension in

a dimensional chain, then, by analyzing this chain, one can assess whether the
tolerance for the size was appointed correctly.

Analysis of the technical requirements helps to identify technological
problems that can arise during manufacturing. To perform the analysis, the sets
of surfaces that are subject to the highest requirements for dimensional and ge-
ometrical (form and location) accuracy and quality of the surface layers are re-
vealed. These requirements determine selection of manufacturing datums and
methods of workpiece mounting, finishing operations and manufacturing pro-
cess as a whole, the necessary means of manufacture. For example, an im-
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portant technological goal for a stepped shaft manufacture is to provide high
accuracy of sizes, form and location of its necks. Such a task for an inner ring
of a bearing is to obtain high accuracy of size and form of the raceway, small
values of the amplitude parameters of roughness and waviness of the raceway
surface, minimum radial run-out of the race relative to the bore.

Design of a manufacturing process for an operating factory requires care-
ful study of the manufacturing environment. It is needed to establish availabil-
ity of production floor space and equipment needed for manufacture, to deter-
mine possibility of equipment upgrading and expanding production facilities to
increase production of the parts, to find out possibility of application of ad-
vanced cutting tools and new methods of workpiece manufacture and machin-
ing, etc.

Design of a manufacturing process for operating factories also requires to
analyze the possibility of parts manufacture by the available on the factory typ-
ical or group manufacturing processes. In the absence of such a possibility, the
design of a uniform manufacturing process is started.

5.3 Production Method Identification

The method of production influences: form of production organization
(mode of production); type and method of production of a workpiece; type of
the applied equipment, fixtures and tools; degree of detailed elaboration of the
manufacturing process design.

At the stage of the manufacturing process planning, the production meth-
od can only be determined approximately. For this purpose the data given in
Table 5.1 can be used.

Table 5.1
Dependence of production method on the production volume, pcs.,
and part mass
Part Method of production
mass, kg | Job | Small-batch | Medium-batch Large-batch Mass

<1.0 <10 | 10...1500 | 1500...100000 | 75000...200000 | 200000
1.0...25 | <10 | 10...1000 1000...50000 | 50000...100000 | 100000
2.5...5.0 | <10 10...500 500...35000 35000...75000 75000
5.0...10 | <10 10...300 300...25000 25000...50000 50000

>10 <10 10...200 200...10000 10000...25000 25000
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The method of production is also evaluated with the help of production
factor Ky, the calculation of which and its values for different methods of pro-
duction are given in Section 1.

The production factor is calculated as follows

K_tL

pf — '
Laoc

where ty is the Takt time; t,o is the average OCPP.
Takt time, as already noted, is determined by the equation t; =60d, /N,

where @, is the actual annual available hours of the equipment, N is the annual
production volume.

The average OCPP can be determined with the help of data of the existing
process of manufacture of a similar part or by rationing the process being de-
veloped with the help of the extended standards. The average OCPP is calcu-
lated by the equation

n
Laoc = _zltoci /n,
i=

where t, is the OCPP of the i operation of manufacturing process; n is the
number of basic operations in the process.

The ty; Is calculated, taking into account only the basic operations, ex-
cluding, for example, operations of heat treatment, deburring, cleaning and la-
beling.

Further, the method of production found with the help of production fac-
tor is compared with the method found by Table 5.1. In case they do not
match, the adopted method of production is the one that calculated by produc-
tion factor.

When the method of production is found, the mode of production is de-
fined (flow or non-flow). The possibility to use flow production is determined
by the workplace load factor

t

__ ‘aoc
work — .
t

.
« > 0.6, then the flow method of pro-

K

If the workplace load factor is K
duction is taken.

wor

5.4 Analysis of a Drawing for Manufacturability

Analysis of a drawing for manufacturability process, as noted in Sec-
tion 1, is performed by a manufacturing engineer to assess the capability of the
part design to meet the requirements for manufacturability with respect to the
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method of production and specific production conditions, in particular, techno-
logical capabilities and features of the equipment.

General requirements for manufacturability can be summarized as fol-
lows.

The part should be a combination of surfaces of simple shapes. The part
should be composed of standardized and unified geometrical elements
(threads, grooves, recesses, modules, splines dimensions, keyways dimensions,
etc.) to the utmost, or be a standard as a whole. This creates background for
unification of cutting and measuring tools, used in manufacture and repair of
parts.

The part should be sufficiently rigid, have reliable manufacturing datums,
allow easy movement of high-performance cutting tools to all surfaces to be
machined and the free withdrawal of the tools. All this as a whole allows im-
plementation of high-performance machining.

The accuracy parameters and surface layers quality of the part must strict-
ly correspond to its functional purpose. Excessive demands on these parame-
ters lead to the necessity of introducing additional processing steps, extend op-
eration cycle, increase complexity of manufacturing parts and increase cost of
manufacturing.

To reduce amount of machining is necessary to reduce the length of the
machined surfaces of parts and increase accuracy of the workpieces, making
them closer to the finished parts in shape.

Dimensioning of the parts (functional dimensions) should take into ac-
count technological requirements and provide:

— coincidence of functional, manufacturing and measurement datums;

— machining on the machines preliminary set to the required dimensions;

— use of the simplest fixture, cutting tools and measuring tools;

— reliability and ease of inspection;

— absence of need for recalculation of dimensions during production and

inspection;

— rational sequence of the part manufacturing.

For example, drawings of parts that are produced from forgings and cast-
ings and require machining of individual surfaces should have the following
three groups of sizes specified (see Fig. 5.1). Dimensions of the first group in-
terconnect unmachined surfaces and are used in workpiece production (dimen-
sions 20 and 10 in Fig. 5.1, a); the second group interconnects surfaces to be
machined (dimension 40 in Fig. 5.1, a); the third group of dimensions for each
coordinate direction should contain only one size that connects a system of
machined surfaces with a system of unmachined surfaces (size 10* in
Fig. 5.1, a).
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If this requirement is violated and a drawing is dimensioned as shown in
Fig. 5.1, b, then the facing of the left end of the part will directly ensure only
one of the dimensions (e.g., 10*). The other two dimensions (20 and 30) will
be obtained in the form of resulting dimensions in the manufacturing dimen-
sional chains; the accuracy of these dimensions will be significantly lower than
the accuracy of the workpiece dimensions.

If the part is to be heat or chemically heat treated, its form should be
symmetric with no sharp edges, sharp thin webs and abrupt changes in cross-
section, surface roughness should be Ra<10 microns. Violation of these re-
quirements during hardening may cause cracking and fracturing of the work-
piece.

10*
—
£ N
N 20
S N R T 1 -71_
1Lty
{
20 _ 30
.40 L 40

a b

Fig. 5.1 Variants of the part dimensioning (machined surfaces are in bold):
a — correct; b —wrong

Some examples of correct and wrong geometrical elements, in terms of
manufacturability, of parts are given in Table 5.2 [16].
Table 5.2

Examples of wrong and correct designs for manufacturability

Basic manufactur- Designs Advantages of a correct
ing requirements wrong correct design

Lower tool wear.

Surfaces to be ma- ﬁ % Higher accuracy and

chined shouldn’t be : : better surface finish.

continuous CD GE]D Lower labour inten-
siveness.
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Basic manufactur-
ing requirements

Designs

wrong

correct

Advantages of a correct
design

Surfaces to be ma-
chined should be
located in the same
plane

olb
o}

1. Possibility to ma-
chine at one pass by
face-milling, surface
grinding or surface
broaching.

2. Possibility to ma-
chine several work-
pieces simultaneously.
3. Simplified inspec-
tion.

Surfaces to be ma-
chined should be
open. Long and nar-
row surfaces should
be located so that
they can be ma-
chined along a plane

.
|
'_

1. Possibility to apply
face-milling.

2. Raise of productivity
and accuracy.

Surfaces to be ma-
chined shouldn’t be
placed in recesses or
pockets

1. High productivity
machining.

2. Lower labour inten-
siveness.

The most accurate
step in a stepped

1. Lower labour inten-
siveness.

« - : -
=y B IS R 22 1| 2. Higher machining
bore should be E¢ Q E¢ 11 | y|accuracy and tool life.
made as a through 2272) = | 3. Simpler design of
hole T/ |
Q| | cutting tools.
1. Elimination of tool
Splined hols ey | breakage and higher

should be continu-
ous

2. Lower labour inten-
siveness in hole ma-
chining.
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Basic manufactur-
ing requirements

Designs

Advantages of a correct
design

Blind splined holes
should be avoided

Possibility to apply
high-productive
broaching.

Grooves or recesses
in holes shouldn’t
require any machin-
ing

Y,
—— —t
W

1. Lower labour inten-
siveness.

2. Possibility to apply
high-productive meth-
ods of machining.

Consideration
should be given to
the best conditions
of the cutting tool
guiding

1. Higher machining
accuracy.

2. Higher cutting tool
rigidity.

3. Higher productivity.

Possibility for a cut-
ting tool to enter
and exit freely

1. Elimination of tool
abreakage.

2. Higher accuracy of
drilling.

{3. Higher productivity.

Holes location
should provide us-
age of cutting tools
of normal length

77

T

%

e‘
L

1. Application of
standard cutting tools
and its full usage.

2. Higher machining
accuracy.

Blind threaded holes
should have grooves
for the tool over-
travel or provide
thread run-out

1. Higher quality of the
thread.

2. Better cutting condi-
tions.

3. Lower labour inten-
siveness.
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Basic manufactur-
ing requirements

Designs

Advantages of a correct

wrong

correct

design

The design of a
threaded hole
should provide pos-
sibility to a thread-
ing tool to work
through the hole

wE

Y

1. Higher productivity.
2. Better cutting condi-
tions.

3. Application of cut-
ting tools with better
cutting performance.

Inclined position of
the hole axis should
be avoided

1. Simpler design of
fixture.

2. Possibility for simul-
taneous machining of
holes with the parallel
axes.

3. Lower labour inten-
siveness.

Closed slots for
endmilling should
be avoided

1. Application of cut-

ting tools of higher
_productivity.

2. Better cutting condi-

tions, especially condi-
)ions of engagement.

3. Lower labour inten-

siveness.

Closed pockets or
slots should be
avoided

— s

1. Reduction of passes.
2. Simpler design of
cutting tools.

3. Lower labour inten-
siveness.

The requirements for manufacturability should be met not only by the
parts, but by the workpieces as well.

Castings must meet the following basic requirements:

— wall thickness of castings should be as uniform as possible, as it pro-
vides a homogeneous structure and reduction of residual stress;

— form of a casting should provide simple and easy model opening;

— casting surfaces that are perpendicular to the parting plane of the mod-
el should have draft and taper to facilitate production of molds and
cores and pulling of patterns out of the molds.
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Forgings produced by stamping and forging must meet the following re-
quirements:

— no abrupt changes in cross-section;

— junction of different cross-sections should be in a form of arcs of rela-

tively large radii;

— asharp edges of forgings produced by stamping should be rounded;

— forging surfaces, that are perpendicular to the parting plane of the

mold, should have draft to pull the forging out of the mold.

Analysis of a drawing for manufacturability is to a compare design solu-
tions to some decision that is taken as a reference standard. On the basis of this
comparison, the assessment as “good — bad" or "rational — irrational” is made.
The references for comparison purposes are: design of a similar part that is
produced in batches; standard technical requirements for the part; personal ex-
perience of the engineer that performs the analysis.

On the basis of the analysis for manufacturability, a list of the comments
and proposals on changing the elements of the component design is compiled
and then submitted to designer’s approval. The latter, after reviewing this list,
can make appropriate changes to the part drawing to improve its manufactura-
bility.

5.5 Selection of a Workpiece

The workpieces are distinguished in type that reflects the technology of
their manufacture. The following types of workpieces are distinguished:

— casting;

— forgings produced by forging and die-stamping;

— rolled stock;

— welded workpieces;

— workpieces produced by powder metallurgy.

Workpieces of each type can be manufactured by one or more methods.
For example, castings can be produced by sand casting, die casting, perma-
nent- mold casting, etc.

Casting produces workpieces of almost any size, of both simple and very
complex shape, of almost all metals and alloys.

Forming processes (rolling, forging, stamping) produces workpieces from
metals and alloys with necessary plasticity.

Welded workpieces are obtained from the individual components pro-
duced by rolling, casting or stamping by welding them together.

Powder metallurgy produces workpieces which material has special, often
unique physical and mechanical properties (ceramics, carbides, etc.).
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Selection of the type and method of workpiece production depends on the
following factors:

— required level of physical-chemical properties of the part material;

— manufacturing properties of the workpiece material;

— structural shape, size and weight of the part;

— method of production (volume of production);

— availability of manufacturing equipment at the enterprise (casting,
forging, welding, etc.), as well as possibility and feasibility of work-
pieces to be purchased from external suppliers.

Selection of the workpiece type is mainly guided by the demand to pro-
vide required level of physical-chemical properties of the workpiece material,
which depends on the nature and intensity of the loads acting on the part dur-
ing operation of the product. For example, if a part is operated under high dy-
namic loads, then it is desirable to produce workpiece, as mentioned above, us-
ing forming methods, which generally provide a fine-grained structure and a
higher level of mechanical properties of the workpiece material (fatigue
strength, impact strength, toughness , ultimate strength) than the conventional
casting techniques.

Technological properties of the workpiece material (casting characteris-
tics, deformability, weldability, etc.) determine the ability to obtain the work-
piece by casting, forming, welding and powder metallurgy. Thus, if the part
material is gray cast iron, then the only possible type of a workpiece is a cast-
ing. If the part material has low fluidity and a high tendency to shrinkage, then
it is impossible to produce workpiece by die-casting or permanent-mold cast-
ing due to rapid cooling of the melted material and low malleability of molds.

A very significant impact on the type and method of production of work-
piece has the shape, size and weight of a part. As the size and weight of a part
increase, then the variety of possible methods of workpiece production de-
creases. For example, a steel stepped shaft with a largest diameter of 200 mm
and a total length of 2000 mm can be manufactured from a round hot-rolled
bar or from a forging produced by open-die forging. If the diameter of the shaft
Is increased to 500 mm, then the only method of workpiece production is open-
die forging. Such effective methods as die-casting, permanent-mold casting,
evaporative-pattern casting and die forging are only applicable for the manu-
facture of workpieces of relatively small mass. For example, upsetting ma-
chines are capable of forging parts weighing up to 30 kg, by evaporative-
pattern casting it is possible to cast steel parts weighing up to 150 kg, by mold
casting a steel casting weighing up to 4000 kg can be made.

Largely, the type and production method of workpiece depends on vol-
ume of production (method of production). As the production volume increas-
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es, the more economically feasible technique of workpiece production be-
comes the production of workpieces close in shape and size to the finished
part. For example, if in job production and small-batch production a steel
stepped shaft is commonly manufactured from a round hot-rolled bar, in large-
batch production and mass production these shafts are usually made of forg-
ings produced by open-die forging.

During the manufacturing process design, the issues of selection of the
method of workpiece production are cooperatively solved by manufacturing
engineers of mechanical and workpiece workshops. Here, two situations are
possible:

— when a method of workpiece production is specified by a design engi-

neer, and manufacturing engineers only refine it;

— when a designer reserves the selection of a method of workpiece pro-

duction to manufacturing engineers.

The first situation is typical for mass, large-batch and medium-batch pro-
duction, the second one - for job and small-batch production.

A designer selects a workpiece based on the long-term collaboration with
manufacturing engineers of mechanical and workpiece workshops. This selec-
tion is aimed at creating such a method for workpiece production that would
ensure high reliability and, at the same time, the smallest cost of the part. This
work covers various tests of a part, the workpieces for which are manufactured
by different methods, and analysis of the machine operation with its modifica-
tions and enhancement considered. The said above is typical for most critical
components that determine reliability of machines (parts of an engine block,
crankshafts and camshafts of internal combustion engines, blades and discs of
gas turbine engines, etc.).

In case of an independent decision on the choice of the method of the
workpiece production, the manufacturing engineers of mechanical and work-
piece workshops consider several methods and choose one that provides the
lowest cost of the parts, with respect to the factors above.

The more the shape and size of the workpiece are close to the shape and
size of the part, the more expensive is the workpiece to produce, but the easier
and cheaper is the subsequent machining and lesser the material consumption.
Thus, the lowest cost of the part will correspond to the minimum total cost of
production of the workpiece and its subsequent machining.

To produce more accurate and complex workpieces, a relatively expen-
sive tooling (complex dies or sets of patterns) is required, costs of design and
manufacture of the tooling could justify itself only when a sufficiently large
volume of parts is produced.
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240

Fig. 5.2 Types of workpieces of a gear:
a —forged; b — stamped in lower die
blocks; ¢ — stamped in closed dies (dotted
line is an outline of a gear) [15]

Thus, for example, the gear workpiece (see Fig. 5.2) of steel grade 18XI'T
(0.18% C, 1% Cr, 1% Mn) can be produced by forging (Fig. 5.2, a) stamping
in lower die blocks (Fig. 5.2, b) and stamping in closed dies (Fig. 5.2, ¢). The
second and, especially, the third method, compared with the first one, produce
a workpiece with a shape the most closest to the finished part and reduce mate-
rial consumption, but requires additional costs for design and mold manufac-
ture. For small volume of production these costs are relatively high and the
lowest cost (see Fig. 5.3) of workpiece production will be ensured by forging.
As the volume of production increases, the share of the mold cost in the cost of
the workpiece decreases and the most effective method of workpiece produc-
tion firstly becomes the stamping in lower die blocks, and then — stamping in
the more complex and expensive closed dies, which gives the most significant
material savings.
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Fig. 5.3 Dependence of the gear workpiece cost C on a the volume of production N
for different methods of workpiece production:
1 —forging; 2 — stamping in lower die blocks; 3 — stamping in closed dies [15]

It should be noted that in mechanical engineering for manufacture of sev-
eral non-similar in design and manufacturing technology parts, the group
(complex) workpieces are used. This helps to increase the total output of the
workpieces and to make, for example, stamped workpieces more economically

feasible than the rolled ones. An example of a group (complex) workpiece is
shown in Fig. 5.4.

/2 3

Fig. 5.4 An example of a group (complex)
workpiece:
i 1 — complex part; 2 — part of the group;

3 — group workpiece [15]
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5.6 Selection of Manufacturing Datums

5.6.1 Principles of Manufacturing Datums Selection

Selection of manufacturing datums should be guided by two principles:
principle of permanent datums and principle of coincident datums.

Principle of permanent datums. In accordance with the principle of
permanent datums, it is desired to ensure that throughout the entire manufac-
turing process the same manufacturing datums are used, except the first opera-
tions on which the manufacturing datums itself are machined.

This principle is explained by the fact that the errors of sizes between sur-
faces and the errors of location of the surfaces, which are obtained from differ-
ent datums, are affected by the errors of dimensions between these datums and
errors of location of these datums.

The influence of errors of manufacturing datums location on errors of lo-
cation of the surfaces machined from these datums is clearly demonstrated in
Fig. 5.5. In drilling hole A (Fig. 5.5, a), the plane | is used as a plane datum
and the plane Il is used as a guiding datum. In drilling hole B (Fig. 5.5, b) quite
the contrary, the plane Il is used as a plane datum and the plane I is used as a
guiding datum. As can be seen from Fig. 5.5, the error of manufacturing da-
tums location (deviation from perpendicularity of the plane I to the plane I1) is
completely transferred to the location error of the holes A and B.

a

Fig. 5.5 Influence of location error of manufacturing datums on location error of
machined surfaces

Let’s consider another example. It is necessary to ensure functional di-
mensions K, and Kj; of the plate shown in Fig. 5.6, a, the dimension
K;=A;=100+0.1 mm was obtained earlier. The first operation, boring of the
hole with diameter of 40 mm, is performed on a lathe, and drilling of two holes
of 6 mm in diameter (the second operation) is performed with the help of a
drilling jig on a vertical drilling machine.

180



K,=100:0,1 p

| D INEEN
. Nl

[
Q) o5 )
K,=300,1 \% A,=30:0,1| ]
A2
] o ]
K,=40:0,2
a b
6 6
I 3 I 3
R Za i
; & r |©
o o}
2 2
i i 4 Q
A,=70:0,1 A,=30:0,1
C d
A, A,
A, : K A, J K, \ A,
e f

Fig. 5.6 On influence of the manufacturing datums change on the functional dimen-
sion error

Let’s analyze the two variants of machining. In the first variant, both op-
erations (Fig. 5.6, b and 5.6, c) are performed using the same manufacturing
datums. In the second variant, the first operation (Figure 5.6, b) is performed
with the plane | used as a guiding datum, and the second operation is per-
formed with the plane Il used as a guiding datum (Figure 5.6 d).

In both variants of machining, functional dimension K,=A, (Fig. 5.6, b) is
obtained directly.

Functional dimension Ks, in the first variant, is a resulting dimension of
the dimensional chain shown in Fig. 5.6, e. Tolerance of this dimension is

TK3=TA,+TA;=0.2+0.2=0.4 mm
complies with the tolerance value given on the plate drawing.
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In the second variant, dimension Kj is a resulting dimension of a longer
dimensional chain (Fig. 5.6, e). One of the component dimensions of this chain
Is the size A;=100+0.1 mm between the guiding datums used on the first and
the second operations. In this variant, tolerance of the dimension Kz, which is

TK3=TA;+TA,+TA3=0.2+0.2+0.2=0.6 mm,
does not meet requirements of the drawing.

Thus, change of datums increases error (tolerance) of the obtained size
(K3) by the error (tolerance) of the size (A;) between these datums.

The need to change manufacturing datums occurs when the workpiece
must be machined on different manufacturing systems. The need to change
manufacturing datums arises when the machined workpieces have significant
residual stresses. In this case, firstly rough machining of the most surfaces is
performed, which causes deformation of the workpiece due to redistribution of
residual stress. Then rough machining is usually followed by annealing or nat-
ural aging to ensure elimination of residual stress and stabilization of dimen-
sions and shape of the workpiece. Afterwards, finish machining of surfaces
that would be used as manufacturing datums is performed.

It should be noted that along with the intentional change of datums
throughout manufacturing process, a random change of datums may occur. For
example, this change can take place during clamping of a prismatic workpiece
in vices (Fig. 5.7). The upper surface of the workpiece is machined to make it
parallel to the bottom surface B. Because of non-perpendicularity of the guid-
ing datum (plane A) to the plane datum (plane B), non-perpendicularity of the
working surface of a movable jaw to its guideways and because of clearance
between the jaw and the guideways (Fig. 5.7, a), the workpiece will rock due
to clamping force P; and take position shown in Fig. 5.7, b. The datums are ac-
cidentally changed: the plane A becomes a plane datum and plane B becomes a
guiding datum. After machining, the plane C would be non-parallel to the
plane B (Fig. 5.7, b).

Fig. 5.7 Change of datums during clamping of a workpiece in vices
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The principle of permanent datums is fully implemented in machining
performed with a single set-up, when the unmachined surfaces are used as the
datums. In this case, errors of sizes between the machined surfaces and errors
of the surfaces location are practically independent of the error of workpiece
mounting. This allows achieving the highest accuracy.

It should be noted that one of the motives for the creation of such ma-
chine tools as "machining center" was to ensure that the machining of complex
workpieces with a minimum number of setups. Such machines, which allow
machining of workpiece from different sides and by different methods, not on-
ly reduce influence of mounting errors on machining accuracy, but also reduce
the time required for machining by reducing the number of setups.

Principle of permanent datums can be ensured by the application of artifi-
cially created datums (center holes in workpieces for shafts, special high preci-
sion holes in housings workpieces, various bosses, etc.).

Principle of coincident datums. In accordance with the principle of co-
incident datums, it is essential to choose the surfaces from which the functional
dimensions are specified as manufacturing datums. Such surfaces can be pre-
sented by the functional datums (primary and auxiliary) of the part and by its
free surfaces, which are not in contact with any other components in the prod-
uct.

Let’s show the advantages provided by the implementation of the princi-
ple of coincident datums on an example.

Milling of a shoulder of a prismatic workpiece, performed on the prelimi-
nary set to the required dimension machine (Figure 5.8), should ensure func-
tional dimension K, which is specified from the upper plane | of the work-
piece. Let’s consider two variants of the workpiece locating.

| T 1]
o DU n L]

4,5/ <>§ AZ 4'5 0»6

I\I
1

Fig. 5.8 Diagrams of milling a shoulder on a prismatic workpiece
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In the first variant (Figs. 5.8, a) the lower plane Il is used as a plane da-
tum, which determines position of the workpiece in a vertical direction. In
milling of the shoulder, the manufacturing dimension A, is obtained; manufac-
turing dimension A; was obtained on the previous operation. Thus the func-
tional dimension K is the resulting dimension in the manufacturing dimension-
al chain with A, A, and K. In order to ensure its accuracy it is necessary that
TK>TA;+TA,, i.e. tolerances of the manufacturing dimensions must be much
smaller than the tolerance of the functional dimension. If the functional dimen-
sion K is assigned a tight tolerance, then ensuring of dimensions A; and A,
(which tolerances are even tighter) may be difficult due to need for frequent
adjustment of the machine tool, tool change, etc. or even practically impossi-
ble.

In the second variant (Fig. 5.8, b) the plane | is taken as a manufacturing
plane datum. In milling of the shoulder, the manufacturing dimension Az is ob-
tained, which coincides with the functional dimension K. In other words, the
functional dimension K is obtained directly. The condition of ensuring accura-
cy of the functional dimension is TK>TAs.

Thus, the coincidence of manufacturing datums with surfaces (or axes) of
parts, from which functional dimensions are set, helps to ensure their accuracy
in the shortest route, ensuring minimal manufacturing costs.

It should be noted that the tolerance of the dimension that connects the
surface from which the functional dimension is given with the manufacturing
datum (TA. for the given example) is called an error of noncoincidence of da-
tums. It is clear that, on a pre-set machine tool, it is impossible to obtain a
functional dimension with an error less than the error due to noncoincidence of
datums.

It should be borne in mind that implementation of the principle of coinci-
dent datums is rather difficult. The surfaces, from which functional dimensions
are specified, may have insufficient dimensions that, when they are used as
manufacturing datums, can cause large errors of workpiece mounting. In some
cases complex fixtures for mounting of workpieces can be needed. For exam-
ple, to implement the locating scheme shown in Fig. 5.8, b, a fixture in which
clamping forces directed upwards is required.

It should be noted that if workpieces (fig. 5.8, a) are machined with trial
cuts method, the functional dimension K will be obtained directly.

In accordance with the principle of coincident datums, manufacturing da-
tums should be also coincident with measuring datums, because otherwise er-
ror of measurement of a workpiece (or a part) will inevitably increase.
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5.6.2 Selection of Manufacturing Datums for the First Operation

On the first operation (or several first operations) of the process, as al-
ready noted, surfaces, which further would serve as manufacturing datums, are
machined. On the first operation unmachined surfaces are inevitably used as
manufacturing datums. To ensure the highest possible accuracy these surfaces
must have sufficient dimensions, more accurate form and location relative to
other surfaces of the workpiece, as well as the smallest surface roughness. The
surfaces of risers, sprues (castings), flash lines (forgings), etc. should not be
used as manufacturing datums on the first operation.

It should be stressed that, because of poor accuracy and surface roughness
of unmachined surfaces their use as manufacturing datums leads to a signifi-
cant error of workpiece mounting. Therefore, unmachined surfaces should be
used as manufacturing datums only once — on the first operation.

Selection of manufacturing datums for the first operation influence on:

— location accuracy of the workpiece surfaces with respect to the ma-

chined ones;

— allocation of allowances between individual surfaces of the workpiece.

The requirements for accuracy of location of unmachined surfaces rela-
tive to machined ones, i.e. accuracy of a dimension between these surfaces and
accuracy of their location are defined by the functional purpose of the part (pa-
rameters of its strength, rigidity, dynamic balance, etc.).

To achieve the highest accuracy of location of unmachined surfaces rela-
tively to the machined surfaces, which are used as manufacturing datums, it is
needed to use unmachined surfaces on the first operation.

For example (Figure 5.9), to ensure the most accurate position of the
housing shoulders | that do not undergo machining, relative to the bottom
plane Il, the surfaces of the shoulders should be taken as a manufacturing da-
tum for the first (milling) operation.

6104 540~

1,2L/ 3

Il

Fig. 5.9 Milling of a bottom part of a housing
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Selection of datums on the first operation determines how uniform the al-
lowances for machining would be. It is particularly important to obtain uni-
form allowances for machining of inner surfaces (holes, grooves, etc.) which
machined by tools of low rigidity. Indeed, the higher, for example, is the uni-
formity of allowance for hole machining, the more cutting passes, processing
steps or operations is required for machining and the lower is the productivity
and higher is the cost. In some cases, uniform allowance is needed to achieve
high quality of the surface layer.

To ensure the most uniform allowance for machining of individual sur-
face, this surface should be used as manufacturing datum for the first opera-
tion.

To illustrate this situation let’s consider the example of machining of a
lathe bed (Figure 5.10). Typically, the machine tool beds are cast with the bed
guideways oriented downwards to get dense and homogeneous layer of metal.
To save this layer and provide high wear resistance of guideways it is needed
to remove small and uniform allowance from these surfaces. For this purpose,
the guideways surfaces are used as manufacturing datums on the first operation
(Fig. 5.10, a) and the highest, uneven allowance is removed from the surface
of bed legs. On the next operation (Figure 5.10, b), surfaces of the legs are
manufacturing datums, which makes it possible to remove uniform allowance
from the guideways. Clearly, if the manufacturing datums on the first opera-
tion are legs surfaces, then the uneven allowance will be removed from the
guideways. This will result in uneven wear of the machine guideways along
the length during the operation of the machine tool.

@ do L0 7 BT R T BTATATATA4 fa™ ™0™ ™ XL

a b
Fig. 5.10 Diagrams of lathe bed machining

As can be seen from the above, selection of datums on the first operation
influences the most important technical and economic characteristics of the
manufacturing process. In this regard, the question of datum selection on the
first operation should always be given due attention.

It should be emphasized that there is no such location on the first opera-
tion which would provide the most accurate position of the unmachined sur-
faces with respect to the machined surfaces and equal allocation of allowances
for every surface of the workpiece. One variant of location will ensure higher
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accuracy of the size between unmachined and machined surfaces and accuracy
of their location, the other variant provides a more uniform allocation of ma-
chining allowances. Therefore there is a need to consider several variants of
location on the first operation and choose the most appropriate. The easiest
way this can be done is to use methods of tolerance analysis of manufacturing
Processes.

The procedure of selection of a workpiece location scheme on the first
operation is considered on an example that follows. Suppose that the manufac-
ture of the part, the sketch of which is shown in Fig. 5.11, a, should ensure
functional dimensions K;, K,, K3 and K4, while ensuring the smallest fluctua-
tion of allowance for boring of the hole in vertical direction. The initial work-
piece is produced by sand casting; its sketch with relevant dimensions is shown
in Fig. 5.11, b. The surfaces | and Il of the housing (Fig. 5.11, a) require no
machining.

Consider two variants of workpiece machining. In both variants the first
operation (Figs. 5.11, ¢ and d) is milling of the lower plane. On the second op-
eration, which is boring of a hole (Fig. 5.11, e), this plane is used as a plane da-
tum. The difference consists only in datums selected for the first operation. In
the first case the position of the workpiece in the vertical direction is deter-
mined by the plane datum (unmachined plane | of the shoulders), in the second
case — by the double-guide datum (axis of the hole by which the workpiece is
mounted on a cam-mandrel).

/] &
T T TIT [ [AsT
I K A
KA\ZA T \m An| ] \ o \AM
A / /\ )/
a b
64 A < 6
1,2 3
6
I 2 3
C d e

Fig. 5.11
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Let’s analyze how the datum selection on the first operation will influence
accuracy of the functional dimensions and fluctuation of allowance for boring
of the hole. To this end, let’s construct dimensional diagram and graphs of the
manufacturing dimensional chains for the first and the second variants, as
shown in Fig. 5.12 and 5.13.

According to the dimensional diagrams or graphs (the latter makes analy-
sis easier) let’s find the manufacturing dimensional chains, in which the result-
ing dimensions are the functional dimensions that are of interest to us and al-
lowance.
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K / Aw | Ay 42 g Agl i
d
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Z 72 AZ
A
04 Ao, A,
d

Fig. 5.12

In the first case (see Fig. 5.12, a and b), functional dimensions K,, K3 and
K4 coincide with the manufacturing dimensions A;, Az and A,, that is ensured
directly. The functional dimension K; and allowance for boring of the hole |
are resulting dimensions in the manufacturing dimensional chains, shown in
Figs. 5.12, ¢ and d. Three component dimensions of these chains are dimen-
sions of the initial workpiece and, therefore have relatively large tolerances.
Tolerance of the dimension K; will be

TK1=TA01+TA02+TA04+TA1+TA2,
and tolerance (fluctuation) of the allowance Z is
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Fig. 5.13

In the second variant of machining (see Fig. 5.13, a and b) the functional
dimensions K3 and K, are ensured directly, coinciding respectively with manu-
facturing dimensions Az and A,. The functional dimension K; and allowance Z
are resulting dimensions in a much shorter manufacturing dimensional chains,
shown respectively in Fig. 5.13, ¢ and d. Only one of the component dimen-
sions of these chains is the dimension of the initial workpiece. Tolerances of
dimension K; and allowance Z are

TKl = TAOl +TA:’|_ + TA2 ;

189



TZ=TA;+TA,+0.5-TA,3+0.5-TA;.

Functional dimension Kj is the resulting dimension in the manufacturing

dimensional chain shown in Fig. 5.13, e; its tolerance is
TK2 = TA02 + TA04 + TA:’L

For example, if we assume that the tolerances of all dimensions of the ini-
tial workpiece (castings) are 1.0 mm, the tolerances of all dimensions obtained
during machining are 0.2 mm, then for the first variant we will get TK,;=3.4
mm, TZ=3.0 mm, TK,=0.2 mm, and for the second variant — TK;=1.4 mm,
TZ=1.0 mm, TK,=2.2 mm.

Thus, the second variant of machining when compared to the first one al-
lows considerably higher accuracy of the dimension Ky, smaller fluctuation of
allowance Z for boring the hole, but less accuracy of the dimension K,. When
it is considered that from the point of functionality of the part, there usually is
no high requirement for the accuracy of the dimension K5, then the second var-
lant of machining (Variant of location of the workpiece on the first operation)
should be considered preferable.

5.6.3 Selection of Manufacturing Datums for most Operations

Selection of manufacturing datums on the most of the operations of a
manufacturing process should be guided by the principles of permanence and
coincidence of datums discussed above. However, as already noted , the simul-
taneous application of these principles is often impossible.

The most fully the principles of permanence coincidence of datums can
be realized when all the functional dimensions of a part are given from the
same surfaces. Most often, the primary datums of a part are used as these sur-
faces. These surfaces should be machined on the first operation (several first
operations) and then used as manufacturing datums for the majority of manu-
facturing process operations.

Not only the principles of permanence and coincidence of datums should
be observed, but it is also needed to reduce the number of workpiece set-ups
during the manufacturing process, keeping in mind that each set-up, even if the
manufacturing datums are unchanged, is accompanied by errors and decrease
In machining accuracy.

If the datums are changed, the most accurately machined surfaces with the
most accurate position relative to the previously used datums should be chosen
as new datums. Thus, as already mentioned, the attention should be paid to ac-
curacy of surfaces location first, and then to dimensional accuracy of parts.
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5.7 Selection of Machining Routes for Individual Surfaces of a Part

At this stage of manufacturing process planning routes for machining of
individual surfaces of a part are outlined, i.e. the list of sequentially executed
processing steps or operations to achieve specified accuracy of the surfaces and
quality of their surface layers is defined.

To solve the task tables of recommended routes can be used. Examples of
routes for machining of outer cylindrical surfaces are shown in Table 5.3.

Arrows in Table 5.3 indicate that this set of routes can be moved into the
columns of the coarser accuracy grades. For example, if the machining of ex-
ternal cylindrical surfaces with accuracy of IT 14-12 (first column) should en-
sure relatively small surface roughness (Ra=2.5 micron), then it is possible to
use a set of routes from the second column, which ensure this requirement.

As can be seen from Table 5.3 the number of possible routes of machin-
ing of individual surfaces can be quite large. It can be cut, taking into account
a number of considerations. These include the possibility to machine a given
surface on the same machine, the need to machine several surfaces in a single
set-up to achieve the required accuracy of their location, limited possibility to
use certain methods of machining due to low rigidity of parts.

191



¢61

Exemplary machining routes for external cylindrical surfaces [10]

Table 5.3

Sequence of processing steps (operations) to obtain accuracy grade

Roughness, pm

IT14-1T12 | IT11-1T 10 ITO-IT7 IT6 IT5 IT4-1T3
1,2,30 Rz=80+20
40.HT
1G
4HT,G
1,2,30p, Of Rz 20-Ra 2.5
1,20,G
< 4 Op, Of, HT
40p, HT, G
1, 2,3 Op, Of, Os Ra=1.25+0.63
1,20,G
< 1 Gp, Gf
40,HT, G
4 Gp, HT, G
3 Op, Of, PO 1, 2,3 0p, Of, Os, PO 4 Op, Of, HT, Gf, S Ra=0.32+0.16
3 O, POp, POf 10, Gp, Gs, PO 40, Gp, HT, Gf, Gs, S
30, Of, Os 40, Gp, HT, Gf, L
< 10,G,S 30, Of, Or
40, Gp, HT, Gs
40, Gp, HT, Gs, C
40, HT, Gf, C
3 Op, Of, POp, POf 1 Op, Of, Gp, Gf, Sp, Sf Ra=0.08+0.04
3 Op, Of, Os, POf, POs 4 Op, Of, HT, Gf, Sf
< 4 Op, Of, HT, Gf, Gr, L
4 Op, HT, Gp, Gs, PO 4 Op, Of, HT, Gf, Lp, Lf
4 G, HT, G, Sp, Sf
4 Op, Of, HT, Gf Rz=0.1+-0.025
Gs, Lp, Lf, Ls
4 G, HT, Gp, Gs,
Lp, Lf, Ls

Notation: O — turning; G — grinding; S — superfinishing; PO — polishing; L — lapping; HT — heat treatment; p — preliminary; f — finishing; s — fine; 1 — soft steels;
2 — cast irons; 3 — non-ferrous metals and alloys; 4 — hardenend steels.
Note. Operations given in boldface font form the location errors.




Having decided how to machine the each surface, the manufacturing en-
gineer begins the designing of the manufacturing route.

5.8 Design of Manufacturing Process Route. Selection of Manu-
facturing Equipment and Operations

Manufacturing process route is designed on the basis of the selected
routes of machining of individual surfaces, as well as previously established
method of production, method of workpiece production and manufacturing
datums.

In determining the sequence of a workpiece machining, decisions are
guided by the following principles. In the first place, the surfaces, taken as
manufacturing datums for the majority of operations, are machined. Then the
surfaces that can incorporate latent defects of the initial workpiece (shrinkage
cavities, pores, cracks, etc.) are machined. In the presence of such defects,
further machining of the workpiece is not performed; the workpiece is either
rejected or reworked to eliminate the defects. Next, the rest of the surfaces
are machined in the sequence reverse to their accuracy: the more accurate the
surface should be, the later in the process it is machined. At the end of the
process, the surfaces that are prone to damage, such as external threads, are
machined.

The machining of precision components for critical applications are of-
ten divided into stages: roughing, finishing and superfinishing, which are per-
formed on different machines. During the roughing, the most of the metal is
removed in the form of allowances, which leads to relatively large errors of
the workpiece due to the redistribution of the residual stresses, elastic defor-
mations of the technological system due to cutting forces and temperature de-
formations of the system. During the finishing these errors are reduced. The
purpose of the semifinishing process is to achieve required accuracy of the
part and quality of its surface layers.

It should be emphasized that dividing of the process into the described
stages is dictated not only by the need to ensure required accuracy of the part,
but also by the need to use high-precision machine tools for finishing opera-
tions only.

At the same time, this dividing of the process is not always a must.
Thus, for a workpiece of high accuracy, sufficient rigidity and without signif-
icant residual stresses, roughing and finishing treatments can be successfully
performed on the same operation.

During the manufacture of precise parts, particularly of a complex shape
and small rigidity cutting operations alternate with stabilizing heat treatment
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(annealing in most cases). This reduces residual stresses, stabilizes the metal
structure and helps to achieve required accuracy of the part.

If the part is to be hardened, the manufacturing process is divided into
two parts that are performed before and after the heat treatment. Prior to
hardening, machining is typically performed with cutting tools, after harden-
Ing - mainly by abrasive tools.

The designing of a manufacturing process is closely related to the choice
of manufacturing equipment (machine tools, fixtures, tools).

Selection of machine tools is primarily dictated by the need to make sur-
faces of corresponding configuration and to meet the requirements for accu-
racy of size, form, location, and roughness. If it is possible to perform this on
the different machine tools, the choice is made by considering the following
factors:

— correspondence of the machine tool dimensions to the dimensions of

the workpiece;

— correspondence of the machine productivity to the volume of produc-

tion (method of production);

— possibility to use full horsepower of the machine without downtime;

— possibility to ensure the lowest labour costs and cost of manufactur-

ing.

In job production the universal machine tools with manual control are
typically used, for example, lathes, vertical turret lathes, radial and vertical
drilling machines, vertical and horizontal milling machines, planners, slotters,
cylindrical grinding machines, etc. In small-batch and medium-batch produc-
tion the less versatile but more productive machine tools with automated con-
trol are used: semi-automatic turret lathe, semi-automatic single and multiple-
spindle drilling machines, CNC lathes , CNC drilling machines, etc. The ma-
chine tools used in large-batch and mass production are characterized by spe-
cialization, high performance and a high degree of automation. These ma-
chines include semi-automatic and automatic multi-spindle lathes, modular
machine tools, specialized automatic grinding machines, etc. Under condi-
tions of these methods of production, automated production lines are widely
used: flexible production lines composed of CNC machines are used in large-
batch production; hard production lines composed of modular and special-
purpose machines are used in mass production.

Along with the choice of the machine tools, it is needed to determine
types of fixtures required and select cutting and measuring tools. If the fix-
tures are part of the machine (chucks, vise, rests), then only its name is speci-
fy. If a universal modular fixture is used, then the manufacturing engineer
makes an appropriate indication. When the machining operation requires a
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special fixture, the manufacturing engineer usually develops only its concep-
tual design, development of a design is made by a design-engineer. In job and
small-batch production, universal fixtures (vice, universal dividing heads, ro-
tary tables, etc.) as well as universal modular fixtures are mainly used; spe-
cial fixtures are mainly used in large-batch and mass production.

Selection of cutting tools is defined by a model of a machine tool, part
material (workpiece), part shape and size, required accuracy and quality of
surface layers and method of production. Usually cutting tools are limited to
standard and normalized cutting tools. In some cases, especially in large-
batch and mass production, special cutting tools may be required such as:
form cutters, form milling cutters, broaches, etc., which must be designed and
manufactured.

Selection of measuring instruments is defined by the size and configura-
tion of a part, its accuracy, and quality of surface layers and method of pro-
duction. Measuring instruments must be capable of measuring linear dimen-
sions of 1 to 500 mm with a permissible error of measurement according to
GOST 8.051-81. Thus, for example, for tolerances of 1T14 and IT 6, this error
should not exceed 20 and 30%, respectively, of the tolerances. Furthermore,
if, for example, in job and small-batch production inspection of diameters of
external cylindrical surfaces is made with vernier calipers, micrometers or
dial snap gauges, then in large-batch and mass production the limit gauges,
which ensure higher performance of inspection, are used. Currently, complex
inspections of parameters of accuracy are commonly made with the help of
the coordinate measuring machines.

Machining operations a composed of those processing steps (contained
in the routes selected for machining of different surfaces) which can be im-
plemented on one machine. Moreover, workpiece surfaces with high accura-
cy of mutual position are desired to machine in a single set-up. Machining of
splines, teeth (of gears), non-circular holes and other elements that require
special cutting tools is set as separate operations.
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Fig. 5.14 Part sketch Fig. 5.15 Sketches of workpiece machining:
a — the first operation; b — the second opera-
tion

During designing of operations, the possibility of combining the pro-
cessing steps, overlapping machining time with auxiliary, the feasibility of a
multiple machining is analyzed. In mass production, operations are composed
so that the time needed for their execution is equal to or a multiple of the
Takt time.

The sequence of processing steps in an operation relates to the method
of dimensioning of the part on the drawing. For example, if the functional
dimension are set as shown in Fig. 5.14, then it the machining should be per-
formed as shown in Fig. 5.15 (A; — manufacturing dimensions). On the first
operation (performed on a CNC lathe) it is necessary to machine face A first,
then faces B and C; the second operation (also performed on a CNC lathe)
should start with the machining of face F, and then faces E and G. Such se-
guence of processing steps in the operation allows all functional dimensions
to be ensured directly and dimensional accuracy to be ensured at the lowest
cost.

5.9 Tolerance Analysis of Developed Manufacturing Process

Tolerance analysis includes the following steps:

— determination of tolerances for manufacturing dimensions;
— determination of minimum machining allowances;

— calculation of manufacturing dimensions.
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5.9.1 Identification of Tolerances for Manufacturing Dimensions

Tolerances of workpiece dimensions are defined with the help of the
relevant standards and reference materials.

Tolerances of dimensions, obtained on the machining operations are de-
termined using the tables of accuracy. The most complete tables of accuracy
are given in the book [10]. Extracts from these tables are given in Table 5.4.
It presents, as an example, statistical data on errors of the workpiece dimen-
sions (w:) machined on various turning machines. The errors are given for
different groups of sizes. For example, for turret lathes the dimensions are di-
vided into three groups:

— obtained from manufacturing datums;

— obtained from a novel datum’ by using cutters set at different posi-

tions;

— obtained between the cutters set in a single holder.

Table 5.4
Average error of machining (o)
& Accuracy
© < . . of axial dimensions
e % Machine tools Method of ensuring Pass of diame- depending on their
L o accuracy ters o
S basic sizes, mm
= T 080 |80...260
By preliminary set
to dimension hand- | | 12...13 0.30 0.40
Lathe . i
wheel dial with the y 10 0.12 0.20
help of a toolpost ' '
o> .
2 Precision The same I 8...9 0.08 0.10
£ lathe | 6.7 0.04 | 0.054
= I 11 0.20 0.25
CNC lathe By program T 10 0.1 0.17
Vertical turret Bya handwhee_l dial I 12...13 0.25 0.30
lathe set to dimension
By stops I 8...9 0.07 0.10

" The term "novel datum" is used in engineering literature to designate a surface that is being machined on
the given set-up and is connected by the functional dimension with the relevant manufacturing datum from
which other manufacturing dimensions are ensured (on the same set-up). For example (see Fig. 5.16), the
"novel datum" is the workpiece face 1, which is connected by dimension A; with the manufacturing datum
from which the manufacturing dimension A, is ensured.
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Type of op-

eration

Accuracy
) . of axial dimensions
Machine tools Method of ensuring Pass of diame- depending on their
accuracy ters .

basic sizes, mm

T t080 |80...260
Production I 11 0.15 0.20

By stops
lathe I 8..9 0.06 0.08
By stops from da- I 12...13 0.25 0.30
tums 1 10 0.15 0.17
From a datum be- I 12...13 0.30 0.35
Turret lathe tween positions T 11 0.20 0.25
Between cutters in a I 12...13 0.12 0.17
single holder T 10 0.08 0.10
By templates and I 12...13 0.20 0.25
Semi- stops from datums T 10 0.12 0.15
automatic | Between cuttersina | | 11 0.17 0.20
vertical multi- single holder 1 8...9 0.08 0.10
spindle lathe |Between cutters from| | 12...13 0.20 0.25
different tool slides

and positions I 10 0.15 0.20
Swiss-type |By atemplate froma| | 10 0.12 0.17
automatic datum I 7...8 0.08 0.10
screw ma- |Between cutters from| | 10 0.10 0.12
chine different tool slides I 7...8 0.06 0.08

Indeed, the errors for the given groups of dimensions would be different.

X

X

1

Fig. 5.16 Schematic illustration of faces machining
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Fig. 5.16 shows a diagram of machining two faces of a workpiece by
cutters mounted in a single holder. The error of workpiece clamping ¢, will

directly be included into the error of the size A, ensured form the manufac-
turing datum, and will not practically influence on error of the size A,,

which is obtained as between the cutters. Wear of the right cutter and its elas-
tic deflections will directly affect error of the size A;. Combined effect of

wear of the cutting tools and their elastic deflection on error of the size A,

will be significantly lower. If, for example, assume that the wear of both cut-
ters is identical, the wear generally will not influence the error of the size
A,. Thus, in general, the error of the size A, will be much lower than the

error of the size A;.

If cutting of the workpiece face 1 (see Fig. 5.16) is performed on one
position of the lathe turret, and cutting of a face 2 — performed on the other
position, then the error of the size A, will be affect by the error of turret in-

dexing. Therefore, the error of the size A,, which in this case should be re-

ferred to the second group of dimensions, will be significantly greater than its
error in situation of simultaneous facing of the surfaces 1 and 2.

Such groups of sizes are specified for the operations performed on the
other machines, thus enabling to define tolerances of the manufacturing di-
mensions in the most reasonable way.

It should be emphasized that the tables of accuracy were built for condi-
tions when the locating error is zero (g=0) and spatial errors of manufactur-
ing datums are minimal (p4 =0). These conditions can not be observed in the

real manufacturing process. In this regard, let’s consider procedure of deter-
mining allowances for manufacturing dimensions in more detail, using par-
ticular examples.

Example 1. Fig. 5.17 shows facing and boring of a workpiece, which
are performed on the first (turning) operation of the manufacturing process.
The workpiece that arrive to this operation has significant spatial variations
pg Of the manufacturing datum, from which the size A is obtained, and signif-
icant variations of the hole as well.
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Fig. 5.17 Facing and boring performed on the first operation

In this case, it is impossible to ensure dimension A with error lesser than
pg, Neither on a pre-set machine tool nor trial-cuts method. Therefore, value
of pg should be included into the tolerance of the dimension A:

TA, = g + Py,
where o, is the statistical error of the dimension A found from the tables of

accuracy. Value of pq is determined by the relevant standards for workpieces.
Tolerance of the bored hole diameter D is assumed to be equal to the
statistical error w,_, as the tables of accuracy themselves were obtained for

conditions when the machined surfaces also have significant spatial varia-
tions.

Example 2. Fig. 5.18 shows a diagram of milling a slot in a plate. Man-
ufacturing datums include its bottom plane and two holes perpendicular to
this plane. In such setup scheme, as indicated in Section 3, there is an locat-
ing error g in the direction of the dimensions obtained on this operation. This
error is equal to the maximum clearance in the coupling of a cylindrical pin
with the left hole.
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Fig. 5.18 Milling a slot in a plate

During machining on the pre-set machine, it is impossible to ensure the
dimension A; with an error smaller than the locating error. Therefore, the ¢,
must be included into the tolerance of the dimension A;:

TA =0, +g.

The accuracy of the dimension A, will not be affected by the locating

error g;. Tolerance of A, will be
TA; =0, .

Example 3. Fig. 5.19 shows a diagram of grinding the outer surface of a
sleeve, mounted with a clearance on a solid cylindrical mandrel. During the
operation there is a locating error in the radial direction g. However, the g r
will not influence accuracy of the diameter D directly and its tolerance can be
taken equal to the statistical error, i.e. TA, = o,

T Fig. 5.19 External turning of a
barrel, mounted with clearance on
— a cylindrical mandrel
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Based on the above stated, the rules for allocation of tolerances for
manufacturing dimensions using the tables of accuracy can be summarized as
follows:

— diametrical tolerances as well as tolerances for dimensions between
the surfaces, machined with a single set-up, can be taken equal to the
statistical error;

— tolerances for the dimension (A;) between a machined surface and
manufacturing datum and can generally be identified by the formula

TA =0, +p+g.

When using the latter rule one should keep in mind that the other com-
ponents of the mounting error (clamping error and error of a fixture) are in-
cluded in the o , since the tables of accuracy made for the conditions when

these error tale place.

It should be noted that in some cases the larger tolerances for manufac-
turing dimensions, compared to the values identified with the tables of accu-
racy, can be used. Enlarged tolerances of the manufacturing dimensions help
to reduce operational costs (it makes it possible to work with higher cutting
parameters, reduce cost of setting and adjusting the machine tools, reduce the
required qualification of workers, etc.). However, wider tolerances lead to the
higher average value of machining allowances and, as a consequence, in-
crease in the dimensions of the workpiece and its cost. Therefore, enlarged
tolerances of the manufacturing dimensions should be used with due caution,
taking into account all the costs of part production.

5.9.2 Identification of Minimum Tolerances for Manufacturing

Allowances for machining are divided into total and intermediate allow-
ances. Total allowance is needed for all processing steps of machining of a
given surface, and intermediate allowance is needed to perform separate pro-
cessing step. Below, the term "allowance" shall mean an intermediate allow-
ance.

It is accepted to distinguish between the minimum, maximum, average,
and nominal value of an allowance for machining. However, the minimum
allowance is the primary value, since it defines other categories of allowance.

The minimum allowance should be of value so that its removal was suf-
ficient to ensure accuracy and surface layer quality of the machined surface.

Minimum allowance z,__ for machining can be defined by two methods:

normative and calculation-analytical.
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With the normative method, values of z, are found directly from the

tables, which are made by compiling and organizing production data. This
method is very simple and has been widely spread in mechanical engineering.
The main drawback of the normative method is the incomplete account of the
specific features of the operation (processing step). The values of allowances
defined by the normative method are usually too large.

With the calculation-analytical method, proposed by prof. V.M. Kovan,
z, Is found by summing individual components that can more fully take in-

to account specific conditions of machining. In this case, the following fac-
tors that determine the value of the minimum allowance are distinguished.
1. The surface roughness Rz;_; obtained on the previous processing step

(operation) of surface machining.

During the first operation the surface roughness of the workpiece must
be removed. During the second operation the surface roughness obtained in
the first operation must be removed, etc.

2. The thickness of defective surface layer h,_; generated on the previ-

ous processing step (operation) of surface machining.

For instance, surface layer of steel workpieces produced by hot working
(rolling, stamping, forging) is decarbonized. Decarbonized layer is also gen-
erated during heating of the steel workpieces prior to hardening. Obviously,
this layer must be removed during the subsequent machining. Castings made
of gray cast iron generate the so called pearlitic skin with high hardness and
traces of the molding sand. The satisfactory machining of workpieces by cut-
ting tool is possible only if the cutter point is beneath the pearlitic skin. Pro-
cesses of machining, especially at relatively elevated cutting parameters, cre-
ate highly deformed surface layer with microscopic cracks, this layer is also
must be removed during the subsequent finishing operation.

3. Error of form of the machined surface p; obtained on the previous

processing step (operation), in case this error is not included in the tolerance
of the corresponding dimension.

For example, if the workpiece of a shaft is curved (Fig. 5.20, a), then
this error won’t be detected with the help of a vernier caliper, a micrometer,
etc. during the measurement of the diameter in any section of the workpiece.
Thus, this form error p; won’t be included in the workpiece diameter toler-

ance and must, therefore be compensated as a portion of the minimum allow-
ance for machining. As follows from Fig. 5.20, a, to obtain the diameter D; of
the workpiece after machining, the diameter D;; prior the machining should
be at least

D,, =D;+ 2pfi_l .
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pfi-l

Fig. 5.20 Scheme of workpieces machining that illustrate influence of form error of
the machined surface on the value of the minimum allowance

In other words, to compensate for the form error, the additional compo-
nent 2p; should be included into the minimum allowance.

Fig. 5.20, b shows a diagram of facing a workpiece on a lathe. Dimen-
sion A_; is inspected with the help of limit gauges. Obviously, this method

of inspection won’t detect the flatness error p; , i.e. it won’t be included in
the tolerance of the dimension A;_; and, thus should be included into the

minimum allowance for facing.
4. Error of the machined surface location relative to the manufacturing
datums p, ., which arose on the previous processing step (operation).
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Fig. 5.21, a shows turning of a shaft, clamped in centers. When these
center holes are drilled there is always an inevitable eccentricity of their axis
I-I with respect to the axis II-Il of the shaft p,_ . As can be seen from

Fig. 5.21, a, that to obtain diameter D; of the workpiece after machining, the
diameter D;_; prior the machining should be

Di, =Di+2p_,,
I.e. the error of the machined surface location relative to the manufacturing
datums should be compensated by a portion of the minimal allowance for
turning, whichis 2p, .

Fig. 5.21, b shows boring of a hole in a sleeve clamped in a three-jaw
chuck. Axis of the hole (prior to boring) I-1 is shifted relatively to the axis of

external surface 11-11 by the value of p, . Obviously, that to obtain diameter
D; after boring, the diameter D;_; prior the boring should be at least
Diy = Di_szi_l'

Thus, the error of the hole location relative to the outer surface of the
sleeve (manufacturing datum) should be compensated by a portion of the
minimal allowance for machining, which is equal to 2p, .

Fig. 5.21, ¢ shows machining of the workpiece face, which is not per-
pendicular to the workpiece axis used as a manufacturing datum. Measuring
of the dimension A;_; is performed with a vernier caliper. Therefore, error of

the face location relative to the workpiece axis p,is not included in the tol-

erance of the dimension A;_; and, thus should be included into the minimum
allowance for facing.
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Fig. 5.21 Scheme of workpieces machining that illustrate influence of form error of
the machined surface on the value of the minimum allowance
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5. Error of the workpiece mounting on the given processing step (opera-
tion) ¢, .

Fig. 5.22, a shows turning of a workpiece clamped in a three-jaw chuck.
There is a mounting error in radial direction ¢, , which is equal to the clamp-

ing error €, - As follows from the scheme to obtain diameter D; of the work-

piece by the turning, the diameter D;_; prior the machining should be
Di—l - D|+283| .

Thus, the error of workpiece clamping should be compensated by a por-
tion of the minimum allowance for turning that is equal to 2¢, .

||
D||
%,
D,
I
LIT:"_H'
=

N
-~ 28%;

Fig. 5.22 Scheme of workpieces machining that illustrate influence of mounting er-
ror on the value of the minimum allowance

Fig. 5.22, b shows a diagram of turning of a sleeve mounted on a solid
cylindrical mandrel. The sleeve is mounted with an error in the radial direc-
tion ¢, , which is equal to the locating error ¢, . As can be seen from

Fig. 5.22, b to obtain workpiece diameter D; by the turning, the diameter D;_,
prior the machining should be at least

Di—l = DI + 28|| y
i.e. the locating error must be compensated by a portion 2¢, of the minimum

allowance for turning.

When calculating the minimum allowance for machining of a plane, the
mounting error shouldn’t be included into tolerance value, since this error is
included in the tolerance of the relevant manufacturing dimension.

Errors p; and p, are vector quantities. Their sum p;_, is called a

spatial deviation of the machined surface.
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For surfaces of revolution the direction of the vectors p, and p, s

unknown. The most probable location of these vectors is at right angles to
each other, so these errors are summed according to the rule of the square

root, i.e.
2 2
Pix =+/Pf, TPL, -

For planes these vectors are collinear. Therefore
Piaa =Ps, TP,
Mounting error on the given processing step &, (for surfaces of revolu-
tion) is usually calculated by the equation

|2 2
Ey =8 TEy
where ¢, , ¢, are errors of locating and clamping on the given processing

step. Moreover, it should be borne in mind that the clamping error typically
includes the fixture error as well, which is difficult to identify as a separate
value.

The spatial deviations of the machined surface p;_, and &, are also

vector quantities and are also summed by the rule of the square root.

Based on the above stated the equations for minimum machining allow-
ance can be written as follows:

— allowance for diameter in machining of surfaces of revolution

Zi i —Z(RZI L +h 1+M)

— allowance for machining of a plane
Zimin =RZi_y +hi .y +pig-

In particular cases, these equations are simplified. For example, for ma-
chining of a cylindrical surface of the workpiece mounted in centers, mount-
ing error can be assumed to be zero. Allowance for diameter in this case is
determined by the equation

Zimin Z(RZI 1+h| 17T P 1)
In reaming of holes by a floating reamer, the latter aligns self with the
hole axis. As a result, the spatial deviation of the machined hole p; ; and the

error of workpiece mounting ¢, should not be included in the minimum al-

lowance. Its value (allowance for diameter) will be
Zimin Z(RZI 1+h| 1)
Allowance for polishing of a plane with an elastic abrasive tool, which
is used only to ensure low surface roughness,
|m|n RZI -1
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Almost all components of the minimum machining allowances are de-
fined with the help of the normative reference materials; locating error is cal-
culated.

5.9.3 Calculation of Manufacturing Dimensions

The initial data for calculation of manufacturing dimensions include:
part drawing, type of the workpiece, manufacturing process, tolerances of the
manufacturing dimensions and minimum machining allowances.

The calculation is performed in general terms of ensuring the following:

— minimum machining allowances ;

— functional dimensions that are not directly ensured during manufac-

ture.

To calculate manufacturing dimensions the dimensional diagram and
graph of the manufacturing dimensional chains are built.

The calculation process can be carried out by the maximum-minimum
or statistical method. The maximum-minimum method is recommended for
manufacturing dimensional chains with the number of component dimensions
(manufacturing dimensions) n+ p <3, a statistical method is used for chains
with n+ p >4,

Let us consider solution of tasks that can be found during the calculation
of manufacturing dimensions.

Calculation of manufacturing dimensions in order to ensure a min-
imum allowance for machining. Fig. 5.23 shows a simple manufacturing
dimensional chain. Component dimensions of the chain include dimension of
the workpiece prior to machining A, and its size after the machining A;

(obtained dimension), resulting dimension is the allowance for machining Z,.
Moreover, the obtained dimension A; coincides with the functional dimen-
sion K; or found from the previously considered manufacturing dimensional
chain.

_)
A,

Z
A, \/\/\/\/\/\I
|

Fig. 5.23 Simplest manufacturing dimensional chain with an allowance as the re-
sulting dimension
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Thus, in the considered manufacturing dimensional chain, the basic size
and limit deviations of one component dimension (A;) are known, the toler-
ance of the second component dimension (A;) is known as well as the mini-
mum size of the resulting allowance, which is the allowance Z;. It is needed

to determine basic size and limit deviations of the component dimension A,.
Such a task can’t be regarded as either direct or inverse task of the tolerance
analysis and can be called a mixed task.

This task is typically solved by the maximum-minimum method using
average values of the dimensions. The essence of the solution consists in the
following.

1. Average value of the component dimension A; (A;=K;) is found

AC = A+ AA, = A+ Suft AR
. 2
This component dimension is presented in the following form
AL TA;
17 2 )
2. The average value of the allowance Z, is found:
76 — Z1min +Zlmax .
' 2
Given that
Zimax = Zimin + TA; +TA,,
we obtain
c TA, +TA
Z1 = Zimin + #
3. The average value of the component dimension A,, which is found
from the equation
Zi =AS - A7,
whence
S =A7 +Z7.
This component dimension is presented in the following form
¢ . TA,
2575

Let us consider solution of another variant of the considered task.
Fig. 5.24 shows the manufacturing dimensional chain which resulting
dimension is the allowance Z, and component dimensions are the manufac-

turing dimensions A;... A4. Dimensions A; and A, coincide with the func-
tional dimensions Kj and K4, dimension A; is found from the previously dis-
cussed dimensional chain. The minimum allowance Z, and limit deviations of
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the A, are known values. It is necessary to determine basic size of A; with
the help of the maximum-minimum method.

« «—
Z, A A,

[ 2 I
M -
A(AFK) A(A=K)

Fig. 5.24 Manufacturing dimensional chain
with an allowance in a capacity of a resulting dimension

The task is solved as follows.

Tolerance of the dimension A, is found
TA,=AA,—AA,.

Average value of the allowance Z, is found:

n+p
2 TA
+ i=1

ZZ = Z4min 2 ’

n+
where ZpTA is the sum of tolerances of component dimensions (manufac-
i=1
turing dimensions) of the dimensional chains.
From the equation
Zg=A5+A5—-A] —AS
the average value of the A, is found:
5= A5 +AG-Af -2,
Basic size of the dimension A, will be:
A = A _AATAA, _
2 2 2
Task of calculation of the manufacturing dimensions in order to en-
sure functional dimensions that are not directly ensured during manu-
facture of the part. Fig. 5.25 shows manufacturing dimensional chain, the
resulting dimension of which is the functional dimension K. In this chain
basic sizes and limit deviations of the component dimensions (manufacturing
dimensions) A;, A; and A, are known. Dimension A, coincides with the
functional dimension, dimensions A; and A; are found from the previously
discussed dimensional chains. Tolerance of the dimension A, is also a known
value. It is required to find the basic size and limit deviations of the dimen-
sion A,. This task, which also considered as mixed, is solved as follows.

(5.1)
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Fig. 5.25 Manufacturing dimensional chain
with a functional dimension as a resulting dimension

Firstly, it is checked whether the designed manufacturing process en-
sures required accuracy of the functional dimension. This is done at the be-
ginning of the calculation process.

For maximum-minimum method of calculation the condition of ensur-
ing accuracy of the functional dimension can be written as

TK> Y TA . (5.2)

i=1
For statistical method of calculation (assuming a normal distribution of
manufacturing dimensions and TA; = 6c), this condition becomes

TK2 |3 (TA)’. (53)

When inequalities (5.2) and (5.3) are satisfied, then from the equation
(see Fig. 5.25)
K =Af + A — A5 —AS
the average value of the dimension A, is found:
S=A7 +A5—A§-K°.
This dimension can be written as
., TA,
2575
If these inequalities are not satisfied, then it is needed either to tighten
tolerances of manufacturing dimensions (this will require more frequent ad-
justments of the technological system) or to make some adjustments in the
process of part manufacturing, for example, change manufacturing datums
and (or) bring in additional processing steps.
If necessary to recalculate the nominal values of manufacturing dimen-
sions (from their average values) the relation (5.1) should be used.
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5.10 Selection of Cutting Parameters and Standards of Time

Cutting parameters are assigned, taking into account type of operation,
type and dimensions of the tool, cutting tool material, workpiece material,
type and condition of the machine tool. It is assumed that the cutting has op-
timal geometric parameters.

Calculation of cutting parameters for turning operations is conducted in
the following sequence.

1. Depth of cut t (mm) is determined. Its value should be taken equal to
the maximum allowance for machining. In case of low rigidity of the techno-
logical system (workpiece hardness) and low machine power, the allowance
Is removed in several passes.

2. Feed rate S (mm/rev) is found. In rough turning, the feed rate value is
the maximum permissible by machine power, rigidity of the technological
system, strength of the insert and toolholder. In finish turning, the feed rate is
selected depending on the required roughness. In both cases, feed rates are
selected according to the recommendations and then adjusted with the ma-
chine tool capability.

3. Cutting speed V (m/min) for external longitudinal and radial turning
and boring is calculated by the known empirical equation

= G, K, .
TM*SY

In this case, tool life T (minutes) of the cutting tool is selected by the
relevant standard values.

According to the calculated cutting speed V, the spindle speed is found
as a number of revolutions per minute

1000V

n=
nd,,

where d,, is a workpiece diameter (mm). The RPM is adjusted with the capa-
bility of the machine tool. Moreover, as the actual spindle speed ns the nearest
lowest value to n is taken, and then the actual cutting speed is determined

nd, N,

1000

4. The components of the cutting force (P, Py, Py) are determined.

Their values (in newtons) are determined by the well-known equation

P,yx =10C t*S’V"K .
(The values of the exponents in the equations for cutting speed and cut-

ting force components are different.)
5. The cutting power (kw) is determined
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Then the power of the machine tool drive is determined

where 1 is the efficiency of the drive, which is taken according to the ma-
chine specification. Power of the drive is compared with the power of the
main electric motor of the machine tool Ny If Ng>N: then it is needed to
reduce the cutting speed.

In multi-tool cutting, when several tools are in cut at the same time, the
tool life should be increased compared to the single-tool cutting. This should
be done for the multiple-machine manning as well.

It can be roughly assumed that the tool life for multi-tool cutting

T = TRy,

and for multiple-machine manning

Tmm :TKTm’
where T is the tool life of the limiting tool, which is the tool that cuts the sur-
face of the largest diameter and length; Ky, is the coefficient of tool life cor-
rection for multi-tool cutting; K, is the coefficient of tool life correction for
multiple-machine manning. Values of these coefficients are shown in Tables

5.5and 5.6
Table 5.5
Coefficient of tool life correction Ky, depending on the number of simultaneously
working tools

number of 1 3 5 8 10 15
working tools
Ko, 1 17 2 25 3 4

Notes: 1. When the tools are uniformly loaded the coefficient Ky should be increased by 2
times.
2. For tools loaded with a large inequality, coefficient K should be reduced by 25-30%.

Table 5.6
Coefficient of tool life correction K, depending on the number of simultane-
ously manned machines

Nu_mber of ma- 1 5 3 4 5 5 7 and
chines manned more
Ktm 1.0 1.4 1.9 2.2 2.6 2.8 3.1
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Grinding parameters are selected on the recommendations contained in
the reference books. Power is calculated by empirical equations.

Standard times for cutting operations are determined using the relations
given in Section 1. Machining time is calculated for processing steps. For
processing steps executed simultaneously, machining time is equal to the
time of the longest processing step. Auxiliary time is determined according to
standard values for its elements that do not overlap the machining time. The
other components of the OCPP are taken as a percentage of the operation
time. Setup time is found according to the standard values.

Knowing the contents of the operations, labour grades are set according
to the wage rate handbooks.

5.11 Definition of Technical-Economic Parameters of Manufactur-
ing Process

The process of parts manufacture can be designed in several variants
that are more or less different from each other, but ensure all the technical re-
quirements for the parts. To select the most rational of these variants, it is
needed to compare their technical and economic indicators.

On the early stages of the process planning, the special indicators are
used.

When a type of workpiece is being chosen, the material usage ratios are
determined

Ky =M, /M,
where m,, m,, are the masses of a part an of a workpiece, respectively. Prefer-
ence is given to the method that provides greater K. Further, the expected
reduction of the material consumption during production is calculated
AM =(m,, —m, )N,
where m,, and m,, are the masses of workpieces of the comparable ver-
sions of their production; N is the volume of production.

During the design stage of the manufacturing process, the machining
time ratio is determined. It is found as follows:

— for operations

Mo :tmi/toci ;

— for entire manufacturing process

m
Ztmi
_i=1

Moo= —
_Ztoci
i=1
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where t,,; and t,; are the machining time and OCPP of the i operation; m is
the number of operations in the manufacturing process. The higher is the val-
ue n,, the more efficiently the machine tools are used.

At this stage the complexity of parts machining is also found
m
Ty = Ztoci .
i=1

For batch production the complexity of machining of batch of parts is
calculated

m m
Ty = nZtoci + Ztsi ,
=1 i=1

where t, is the setup time of the i operation; n is the number of parts in a
batch.

At the final stage of the process development, various variants of its im-
plementation are assessed by comparing costs of production, which reflects
costs of labour and materialized labour.

If the compared variants of the manufacturing process no additional cap-
ital investments (such as purchase of new equipment) are required, the cost
saving is calculated as:

E=(C,—C,)N,
where C; and C, are the costs of components manufacture by the compared
variants.

If the implementation of the variants requires additional capital invest-
ments, then the ratio of comparative effectiveness is calculated

G, -C,
KZ - Kl ’
where C, , C,, are the manufacturing costs of the annual production for the

compared variants; K, K, are additional capital investments for the variants.
If E>E, (E, is a normative ratio of effectiveness, which is equal to 0.2 for
mechanical engineering), then the second variant of the process is more ad-
vantageous. If E<E,, then the first variant is better.
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Review Questions

=

Give classification of manufacturing processes.

2. What is the sequence of development of a uniform manufacturing
process?

3. How can a method of production be defined during the manufactur-
Ing process designing?

4. What are the requirements that the part design must comply with for
manufacturability?

5. What dimensions should be specified on the part drawing, when
some surfaces of the part are not exposed to machining?

6. What factors define form and production method of a workpiece?

7. What are the requirements that the workpiece design must comply
with for manufacturability?

8. What is a complex workpiece?

9. What are the principles of manufacturing datums selection, explain
their essence?

10.What is influenced by the selection of manufacturing datums for the
first operation?

11.How are manufacturing datums for the first operation selected?

12.How are machining routes for individual surfaces of the part formed?

13.How are operations of the manufacturing process formed?

14.What considerations guide the selection of machine tools, fixtures
and tools?

15.How can you calculate minimum allowances for machining?

16.How are tolerances of manufacturing dimensions allocated?

17.How does the mounting error influence on manufacturing dimen-
sions?

18.What are the conditions for calculation of manufacturing dimen-
sions?

19.What is the sequence of calculation of cutting parameters for rough-
ing and finishing?

20.How can you evaluate cost-effectiveness of manufacturing process

variants?
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6. Fundamentals of Product Assembling Processes

6.1 General Concepts. Classification of Joining Methods. Types
of Assembly

Assembly is a final stage of production and it largely determines quality
of products. For example, a rolling bearing mounted with a small misalign-
ment or a slightly undertightened screw joint, can impair normal operation of
the machine and cause its premature failure.

The assembly is notable for high labour intensiveness, which is about 20
to 50 % of the total complexity of manufacturing. The main portion
(50...55%) of the bench work and assembly work is manual work, requiring
great physical effort and highly skilled workers; currently only 6...7 % of to-
tal amount of assembly work is automated. Therefore, the actual task of me-
chanical engineering is mechanization and automation of the assembly.

Assembly process is a process that includes actions aimed at mounting
and joining components of a workpiece or a product.

Assembly operation is a manufacturing operation aimed at mounting and
joining components of a workpiece or a product.

All joints according to the integrity of components during the disassem-
bly are divided into temporary and permanent joints. Disassembly of the first
occurs without damaging components of a product; disassembly of the latter
damages the components.

According to possibility of relative movement, all joints are divided into
movable and fixed joints. In movable joints, it is possible to move compo-
nents with respect to each other; in fixed joints, movements are impossible.

According to the shape of mating surfaces, the following joints are dis-
tinguished: planar, cylindrical, conical, spherical, helical, profiled.

According to the method of joining, joints are divided as follows:
threaded, wedge, pin, key, spline, welded, soldered, riveted, glued, flanged,
nipple, connector, pressed, seamed, beaded, combination.

Assembly is divided into subassembly and overall assembly. Subassem-
bly is performed for subunits that can be assembled separately from the prod-
uct or components of the product and can perform a certain function in a sin-
gle product only in conjunction with other components. If the assembly unit
has a complete interchangeability, has possibility to be assembled separately
from the other components of the product or the product as a whole, and can
perform a certain function in the product or by itself, then it is called an ag-
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gregate. For example, engine of a vehicle is an aggregate. Assembly of a
product or its part from the aggregates is called aggregate assembly.

According to stages of the assembly process, there are:

— preliminary assembly;

— intermediate assembly;

— assembly for welding;

— final assembly.

Preliminary assembly is an assembly of workpieces, components or
products as a whole, which subsequently will be disassembled. Preliminary
assembly, for example, is performed to determine a size of the fixed compen-
sator.

Intermediate assembly is an assembly of workpieces performed for their
machining as a whole. For example, the intermediate assembly is performed
for a housing and a cover of a reducer for subsequent machining of holes (for
mounting the bearings), surfaces adjacent to the holes and mounting holes for
bearings covers.

Assembly for welding is performed to give the desired relative position
of the connected components of a product, which are set-up and clamped in
special fixtures.

Final assembly is an assembly of a product or its unit, when its subse-
guent disassembly, during the manufacturing, is not planned.

However, after the final assembly of large, unique products of heavy
machinery (large steam and hydraulic turbines, machine tools, presses) they
are partially disassembled for delivery to consumers.

According to the mechanization and automation, assembly is divided in-
to mechanized, automated and automatic. In automated assembly, the manu-
facturing means are partly operated by humans; in automatic assembly, these
means are operated without direct human intervention.

In addition to direct assembling actions aimed at joining parts of the
product, assembly also involves a number of others activities. Types of activ-
ities that are performed during the assembly and labour intensiveness are
shown in Table 6.1.
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Activities performed during assembly [7]

Table 6.1

Activity

Short description

Share in total assembly work
content, %

in small-batch
production

in mass pro-
duction

Prelimi-
nary

Preparing parts as well as finished
products into the condition required by
the assembly: deconservation, washing,
sorting by size groups, packing into
containers, etc.

Fitting

Ensuring joining operations and tech-
nical requirements: filing and debur-
ring, lapping, polishing, scraping, drill-
ing, reaming, leveling.

20...25

Assem-
bling

Joining of two or more parts to obtain
subassemblies and parts of the main
production: by screwing, pressing, riv-
eting etc.

44...47

70...75

Adjusting

Actions carried out during or after the
assembly to achieve the required accu-
racy of the mutual position of parts and
assembly units of the product.

Control

Actions carried out during or after the
assembly to verify compliance of as-
sembly units and products with the pa-
rameters specified on drawings and
specifications.

10...12

Disas-
sembling

Partial disassembling of an assembled
product to prepare it for packaging and
transportation to the consumer.

6.2 Forms of Assembly Organization

Organizational form of assembly is determined by method of production
and size and weight of the assembled product.
Assembly is divided into synchronous (flow) and non-synchronous
(non-flow) assembly. Synchronous assembly is characterized by continuous
or periodic movement of products being assembled or workers that perform
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assembly at a constant rate (Takt time). When these conditions are not met,
the assembly is considered as non-synchronous.

During assembly, a product may remain in the same working place (as-
sembly stand, shop floor) or move intermittently or continuously, for exam-
ple, by a conveyor. In the first case, the assembly is called stationary, in the
second case it is continuous.

In general, the organizational forms of assembly can be represented as
shown in Fig. 6.1.

Assembly

Non-synchronous Synchronous

Stationary Continuous Stationary Continuous

Fig. 6.1 Organizational forms of assembly

During non-synchronous stationary assembly, the product, during the
whole process of assembly, remains on the same workplace, to which the
components, subunits and aggregates are delivered. Assembly is performed
by a worker or a group of workers. The workplaces are equipped with corre-
sponding equipment (presses, machine tools, etc.), universal fixtures and lift-
ing-transfer machines.

Assembly works in a non-synchronous stationary assembly include a va-
riety of steps and operations, which places high demands on the skills of the
workers. Assembly steps are usually performed in a sequence, which length-
ens the assembly cycle and reduces other technical economic parameters.

The economical area of application of non-synchronous stationary as-
sembly is job and small-batch production.

Non-synchronous continuous assembly differs in that the product being
assembled periodically moves from one workplace to the other one. Assem-
bly operations are performed by individual workers or groups of workers
who specialize in particular jobs.

Workplaces are linked together with transfer systems (roller conveyors ,
rail cars, etc.). After finishing the operation, work moves the product to the
next workstation. For small sized products, this can be done manually. To
compensate for assembly time variation, storages (buffers) are created be-
tween the work stations.

Workplaces are equipped with workbenches, assembly fixtures and
tools, measuring tools, shelves for parts and subassemblies.
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Better technical equipment and specialization of workplaces increases
productivity, assembly quality and shortens the cycle.

Non-synchronous continuous assembly is used in batch production.

During synchronous stationary assembly, all products remain at the
same workstations, while workers or groups of workers move between the
workstations in equal time intervals equal to the Takt time by a signal. Each
worker (or a group) performs the same operation for each of the products be-
ing assembled at the workstations.

Particular specialization of workers improves assembly quality and
productivity.

The economical use of synchronous stationary assembly is in large-
batch production of heavy large-size machinery (heavy-duty vehicles, air-
crafts, etc.).

In synchronous continuous assembly the product being assembled
moves continuously (during the Takt time) or periodically (in a Takt time)
from one workplace to the other one, on which one assembly operation is
performed.

Various conveyors (belt, chain, etc.) are used to transfer assembled
products. Belt conveyors are used in assembly of products of small size and
weight, for example, watches, small motors, carburetors, etc. Chain convey-
ors move rail cars with fixtures, in which assembled products are clamped.
Overhead chain conveyors that help to free floor space and improve working
conditions for workers are widely used in mass production.

In synchronous continuous assembly, workplaces are placed on both
sides of the conveyor and are equipped with fixtures, assembly and measur-
ing tools, shelves for parts and subassemblies. If the conveyor is in continu-
ous movement, the worker follows the conveyor during the operation and
then returns to the initial position.

Synchronous continuous assembly compared to a non-synchronous pro-
vides higher technical and economic parameters. For example, at the Volga
Automobile Plant (Volzhsky Avtomobilny Zavod or VAZ), cars are assem-
bled on a continuously moving suspended chain conveyor with length of
about 2 km, assembly Takt time is 1 min.

The economical area of continuous assembly application is a large-batch
and mass production.

6.3 Fundamentals of Assembling Process Design

Designing of assembly process is performed prior to manufacturing pro-
cess designing. Such a sequence is explained by the fact that, during the as-

222



sembly process designing, a number of changes in product design and tech-
nical requirements (for accuracy, for example) can be made.

6.3.1 Input data and Sequence of Assembling Process Design

Initial information needed for designing of assembly process is divided
into basic, reference and guidelines information.

Basic information in designing assembly process for new factories and
enterprises includes assembly drawings of a product and its subassemblies,
parts lists, assembly and tests specifications, working drawings of parts of the
product, annual volume of production. An assembly drawing should contain
all necessary projection and sectional views, sizes ensured by assembly, fits,
mass of the product and its component parts. Technical specifications indi-
cate accuracy of assembly, quality and tightness of couplings, rigidity of
joints, thread tightening torques, accuracy of balancing of rotating parts, in-
structions on how to make joints and methods of products control.

Information for designing assembly process for existing factories should
also include information about manufacturing means and floor space availa-
ble in the assembly shop and other industrial conditions.

Reference information include catalogues and handbooks on assembly
equipment and fixtures, standard times for benchwork and assembly
work, etc.

Guidelines is data about prospective processes used in the industry,
standard for technical documentation, main requirements for trends in pro-
duction development at the enterprise.

Assembly process is designed in the following sequence.

1. Method of production and corresponding organizational form of
assembly are defined. Method of production is defined in the same way as for
manufacturing processes. The average OCPP of the assembly operations is
taken according to the assembly process of a similar product or it is calculat-
ed according to extended standard times for different sets of assembly work.

2. Assembly drawings of the product and its subassemblies are
analysed for compliance with the requirements for design-for-assembly in the
conditions of the enterprise.

3. Then sequence of assembling of all subassemblies and compo-
nents of the product is established, and schemes for overall assembly and
subassembly are built. It should be taken into account that the overall assem-
bly shall be assembled from the greatest possible number of pre-assembled
units and the least possible number of individual parts; assembly of small
units, as well as auxiliary work should be avoided in overall assembly.
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4. Then itis required to establish the most effective ways of joining
the parts, checking their position, securing all subassemblies and components
of the product. Structure and content of assembly operations is formed and
methods of control and testing of the product are determined.

5.  Next, special fixtures needed for the assembly process are de-
signed.

6. Resources needed for assembly works are rated, and technical
and economic parameters of the assembly process are assessed.

7. Technical documentation is issued.

6.3.2 Analysis of Assembly Drawings for Manufacturability

Analysis of assembly drawings for manufacturability is performed to as-
sess whether the product design meets requirements for assembly. These re-
quirements can be summarized as follows.

First of all, machine design must permit its assembly of pre-assembled
subunits. This helps to assemble subunits and overall assembly simultaneous-
ly, which reduces machine assembly cycle. A significant advantage is pro-
vided in case the subunit is an aggregate, which, before being supplied to the
overall, undergoes tests and inspection to eliminate defects on the overall as-
sembly and to improve product quality.

In general, machine should have a simple layout and don’t cause trou-
bles in assembly. The number of items of machinery components and subas-
semblies should be as small as possible; it is also desired to ensure their in-
terchangeability. The use of standard components and subunits (aggregates)
allows using relatively cheap ones. Reducing the range of screws and bolts
used allows the most efficient use of threaded joints and power tools in the
assembly.

The reduction of parts in the product is achieved through the combining
several functions in one part. For example, a screw with a collar (Fig-
ure 6.2, a) serves as a screw and as a washer as well. By manufacturing a
screw of nylon, the sealing of a joint is provided. By bending the edge of a
screw collar (Fig. 6.2, b) or by making the support surface of a nut conical
(Fig. 6.2, ¢), their locking (retaining) is achieved.

The machine design must allow easy and free application of high-
performance power tools to join the parts; ease of hoisting for transportation
and installation of the parts into the product being assembled. Assembly of
machines must be carried out without the use of complex tools, preferably
without rotating the base component (from which the assembly begins),
through simple actions aimed at mounting parts for assembly, applying and
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withdrawal of assembly tools. A base component must be sufficiently rigid
and have reliable manufacturing datums, which ensure high accuracy of its
mounting. It is required to reduce machining of assembled parts during the
assembly, as well as fitting works.

- B

Fig. 6.2 Examples of parts and couplings designs for assembly

In addition to these general requirements, it is also needed to take into
account special conditions of various joining operations. For assembling cou-
plings with clearance or interference fit, the components should be supplied
with chamfers (Fig. 6.2, d), or guiding lands A (Fig. 6.2, €) to eliminate de-
flection. Also, to eliminate scratching while pressing a pin into the hole of a
yoke (Fig. 6.2, f), the mating surfaces of the parts should be made stepped,
the width of the hole A of the yoke should be greater than the width of the
hole B (b, >b,)

Screws and nuts to increase assembly productivity should be tightened
with socket wrenches. To make this possible, sufficient distance from the
screw (nut) to the wall of the body portion should be provided (Fig. 6.2, g).
In multi-bolt (multi-screw, multi-stud) joining, the distance between the axes
of the threaded parts should be sufficient for application of multi-spindle
tightening devices. Nuts positioned on inner surfaces of parts, should be
locked with split pins for reliable retaining, nut located on the outer surfaces
can be installed with spring washers, which simplifies assembly.

Automatic assembly makes additional demands to the design of a prod-
uct. Components should be of simple symmetrical shape, which simplifies
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task of their orientation and feeding by the bowl feeder to working position
of the automatic assembling machine. Design of components should also
prevent them from interlocking. It is advisable to apply standard or normal-
ized components as much as possible, in order to limit the types of assembly
devices used. It is advisable to replace temporary joints by the permanent
ones, using riveting, beading, etc. The assembly should be performed with
simple (mainly, linear) motions of the automatic machine actuator without
turning the product. To improve reliability of the automatic assembly ma-
chines, it is advantageous to increase accuracy of the components in some
cases.

An important step in manufacturing inspection, is tolerance analysis of
the product design. The choice of methods to ensure required accuracy of re-
sulting dimensions of dimensional chains, calculation of tolerances and limit
deviations of the component dimensions is performed by a design engineer.
Manufacturing engineer checks these decisions. Such verification implies
analysis of validity of the methods adopted to achieve accuracy of resulting
dimensions in dimensional chains of subunits and product as a whole, and so-
lution of inverse tasks for these chains.

On the basis of manufacturing inspection of assembly drawings and
components drawings, a list of comments and proposals on product redesign-
ing and adjustment of accuracy parameters of parts is composed, this list is
submitted to designer’s approval. Engineering designer after analyzing these
comments and suggestions can make changes in product design to enhance
its manufacturability during assembly.

6.3.3 Design of Assembly Sequence. Assembling Process Design

Assembly sequence is determined by construction of the product and
methods adopted to ensure accuracy of resulting dimensions of dimensional
chains.

The overall assembly begins with the mounting of a base component,
which usually is a frame, bed, base, etc. The base component is placed in a
position convenient for assembly. If this component is not rigid enough, it is
set (often with alignment) in a rigid fixture and, in case of continuous assem-
bly, is transferred together with this fixture. Assembly of any unit starts with
the installation of the base component. After the base component is secured,
all components and subunits are mounted on this component.

Design of assembly sequence is guided by the following general rec-
ommendations.

226



1. The sequence of parts mounting should be such that the previously
assembled parts do not hamper the mounting of the following parts.

2. Ensure minimum partial dismantling of the previously assembled
units during the process of assembling.

3. Assembling complexity of most components should be approxi-
mately the same.

4. If accuracy of resulting dimensions is ensured by fitting, then the
fitting work should be performed out of the product being assembled.

The sequence of assembly can be conveniently presented in the form of
diagrams (Figure 6.3), which are developed based on the assembly drawings
of the product. Firstly, diagram of the overall assembly is composed
(Fig. 6.3, a), and then diagrams of subassemblies are made (Figure 6.3, b).
Components and units on assembly diagrams are depicted as rectangles. Rec-
tangles of a component indicate its name, item number and quantity. Subas-
sembly unit is designated according to the base component, from which this
unit is assembled, adding before the item number of the part code "Un.". As-
sembly diagrams may contain inscriptions, explaining the nature of the as-
sembly work (Fig. 6.3, b).

Assembly diagrams are the documents, according to which workers of
the assembly shops familiarize with the product assembly sequence and con-
tent of assembly work, organize assembly process, prepare and supply com-
ponents and units in a certain sequence to the assembly.

Assembly process is designed on the basis of the assembly diagrams.
Engineers form operations, select or design and manufacture means for the
assembly process, determine standard times needed to perform assembly op-
erations.

Norms for assembly works are defined using the standard times for fit-
ting and assembly work, which contain standard operation time for the most
common assembly actions.

Composition of assembly operations depends on the method of produc-
tion and corresponding organizational form of assembly.

In non-synchronous stationary assembly, it is desired to compose an op-
eration of a set of activities, the implementation of which could be performed
by a worker or a group of workers who specialize in performing this type of
work. Commonly, an operation is an assembly of a unit.

In non-synchronous continuous assembly, synchronous stationary as-
sembly and synchronous continuous assembly, duration of operations must
be equal to or a multiple of the Takt time. If duration of an operation is an in-
teger times higher than the Takt time, the operation must be performed in
multiple lines. Synchronization of assembly operations in a synchronous as-
sembly can be achieved by altering content of operations, finding more effi-
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cient assembly methods, by the use of equipment and fixtures that is more ef-
ficient, as well as by changing parameters of equipment operation.

Components
Base
component
A
1 > Product
\ Units
a
251 1 Check Un.23 1

B clearance /Bought

- L[ unit

=

-]

Press in
I
Un.§ 1 511
[ Rivet

o~
Name
Neo [Qnt

| Qnty 5

Fig. 6.3 Assembly diagrams: a — overall; b — subassembly

Figure 6.4 shows, as an example, a sketch of a unit (hub), Fig. 6.5 shows
a diagram of its assembly. The assembly process begins with the pulley as-
sembly (Un. 8). This process involves successive installation of a seal
ring 10, the first bearing 7, bushing 9 and the second bearing 7 inside the pul-
ley 8. After that, a pulley (Un. 8) is pressed onto the hub 11, after which the

228



retaining ring 3 is installed. Next, the flange (Un. 5) is assembled, for doing
this the flange 5 is mounted onto the cover 1 and secured with the screws 2,
then the gasket 6 is set. Then the assembled flange (Un. 5) is fastened by the
screws 4 to the partially assembled hub, thus the unit is assembled (Un. 11).
4 6 7 8 9 7 10 11
3

Zg
e —

Fig. 6.4 Sketch of a unit (hub)

|
>

Name and contents of the hub assembly operations HanmenoBanue are
given in Table 6.2.
Tabmuma 6.2.
Hub assembly process

No  op-

i Name of the operation Operation content (sequence)
eration

Clamp the pulley 8 in a fixture.
Set the ring 10.

Lubricate and set the bearing 7.
Wipe and install the bushing 9.
Lubricate and set the bearing 7.

005 Pulley assembly (Un. 8)

Secure the hub 11 in a fixture.
Mount the pulley (Un. 8) onto the hub 11.
Set the retaining ring 3.

010 Pulley mounting (Un. 8)

Secure the flange 5 in a fixture.
Install the cover 1.

Fasten the cover by the screw 2.
Set the gasket 6.

015 Flange assembly (Un. 5)

Mount the flange (Un. 5).

020 Flange mounting (Un. 5) Fasten the flange (Un. 5) with screws 4.

Check the ease of rotation of the pulley 8.
. Check run-out of the surface B with re-
spect to the surface A.

NMEINMNRPRIRONMRERONMERO R WD R

025 Inspection
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Fig. 6.5 Diagram of a hub assembly
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Review Questions

Give classification of assembling processes according to stages of the
assembly process and level of mechanization and automation.

Name the basic forms of assembly organization and characterize
them.

What is the sequence of design of an assembly process?

What does the manufacturing inspection of assembly drawings in-
clude?

What are the requirements that the part design must comply with for
manufacturability during assembly?

How are assembly diagrams constructed?

How is content of the assembly operations defined?
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