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13.1 Introduction

Jay Lee and Robert Shafrik

Manufacturing is the means by which the technical and industrial capability of a nation is harnessed
to transform innovative designs into well-made products that meet customer needs. This activity occurs
through the action of an integrated network that links many different participants with the goals of
developing, making, and selling useful things.

Manufacturing is the conversion of raw materials into desired end products. The word derives from
two Latin roots meaningand andmake Manufacturing, in the broad sense, begins during the design
phase when judgments are made concerning part geometry, tolerances, material choices, and so on.
Manufacturing operations start with manufacturing planning activities and with the acquisition of
required resources, such as process equipment and raw materials. The manufacturing function extends
throughout a number of activities of design and production to the distribution of the end product and,
as necessary, life cycle support. Modern manufacturing operations can be viewed as having six principal
components: materials being processed, process equipment (machines), manufacturing methods, equip-
ment calibration and maintenance, skilled workers and technicians, and enabling resources.

There are three distinct categories of manufacturing:

« Discrete item manufacturingvhich encompasses the many different processes that bestow phys-
ical shape and structure to materials as they are fashioned into products. These processes can be
grouped into families, known as unit manufacturing processes, which are used throughout man-
ufacturing.

< Continuous materials processinghich is characterized by a continuous production of materials
for use in other manufacturing processes or products. Typical processes include base metals
production, chemical processing, and web handing. Continuous materials processing will not be
further discussed in this chapter.

* Micro- and nano-fabricationwhich refers to the creation of small physical structures with a
characteristic scale size of microns (millionths of a meter) or less. This category of manufacturing
is essential to the semiconductor and mechatronics industry. It is emerging as very important for
the next-generation manufacturing processes.

Manufacturing is a significant component of the U.S. economy. In 1995, 19% of the U.S. gross
domestic product resulted from production of durable and nondurable goods; approximately 65% of
total U.S. exports were manufactured goods; the manufacturing sector accounted for 95% of industrial
research and development spending; and manufacturing industries employed a work force of over 19
million people in 360,000 companies. In the modern economy, success as a global manufacturer requires
the development and application of manufacturing processes capable of economically producing high-
quality products in an environmentally acceptable manner.

Modern Manufacturing

Manufacturing technologies address the capabilities to design and to create products, and to manage
that overall process. Product quality and reliability, responsiveness to customer demands, increased labor
productivity, and efficient use of capital were the primary areas that leading manufacturing companies
throughout the world emphasized during the past decade to respond to the challenge of global compet-
itiveness. As a consequence of these trends, leading manufacturing organizations are flexible in man-
agement and labor practices, develop and produce virtually defect-free products quickly (supported with
global customer service) in response to opportunities, and employ a smaller work force possessing multi-
disciplinary skills. These companies have an optimal balance of automated and manual operations.

To meet these challenges, the manufacturing practices must be continually evaluated and strategically
employed. In addition, manufacturing firms must cope with design processes (e.g., using customers’
requirements and expectations to develop engineering specifications, and then designing components),

© 1999 by CRC Press LLC



13-4 Section 13

production processes (e.g., moving materials, converting materials properties or shapes, assembling
products or components, verifying processes results), and business practices (e.g., turning a customer
order into a list of required parts, cost accounting, and documentation of procedures). Information
technology will play an indispensable role in supporting and enabling the complex practices of manu-
facturing by providing the mechanisms to facilitate and manage the complexity of manufacturing
processes and achieving the integration of manufacturing activities within and among manufacturing
enterprises. A skilled, educated work force is also a critical component of a state-of-the-art manufacturing
capability. Training and education are essential, not just for new graduates, but for the existing work force.
Manufacturing is evolving from an art or a trade into a science. The authors believe that we must
understand manufacturing as a technical discipline. Such knowledge is needed to most effectively apply
capabilities, quickly incorporate new developments, and identify the best available solutions to solve
problems. The structure of the science of manufacturing is very similar across product lines since the
same fundamental functions are performed and the same basic managerial controls are exercised.
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13.2 Unit Manufacturing and Assembly Processes

Robert E. Schafrik

There are a bewildering number of manufacturing processes able to impart physical shape and structure
to a workpiece. However, if these processes are broken down into their basic elements and then examined
for commonality, only a few fundamental processes remain. These are the building blocks, or unit
processes, from which even the most complicated manufacturing system is constructed. This section
describes these unit processes in sufficient detail that a technically trained person, such as a design
engineer serving as a member of an integrated product and process design team comprised of members
from other specialties, could become generally knowledgeable regarding the essential aspects of man-
ufacturing processes. Also, the information presented in this section will aid such an individual in
pursuing further information from more specialized manufacturing handbooks, publications, and equip-
ment/tool catalogs.

Considering the effect that a manufacturing process has on workpiece configuration and structure, the
following five general types of unit manufacturing process can be identified (Altan et al., 1983; NRC,
1995):

Material removal processes- Geometry is generated by changing the mass of the incoming material
in a controlled and well-defined manner, e.g., milling, turning, electrodischarge machining, and
polishing.

Deformation processes- The shape of a solid workpiece is altered by plastic deformation without
changing its mass or composition, e.g., rolling, forging, and stamping.

Primary shaping processes A well-defined geometry is established by bulk forming material that
initially had no shape, e.g., casting, injection molding, die casting, and consolidation of powders.

Structure-change processes The microstructure, properties, or appearance of the workpiece are
altered without changing the original shape of the workpiece, e.g., heat treatment and surface
hardening.

Joining and assembly processesSmaller objects are put together to achieve a desired geometry,
structure, and/or property. There are two general types: (1) consolidation processes which use
mechanical, chemical, or thermal energy to bond the objects (e.g., welding and diffusion bonding)
and (2) strictly mechanical joining (e.g., riveting, shrink fitting, and conventional assembly).

Unit Process Selection

Each component being manufactured has a well-defined geometry and a set of requirements that it must
meet. These typically include

¢ Shape and size

« Bill-of-material

e Accuracy and tolerances

* Appearance and surface finish

Physical (including mechanical) properties
¢ Production quantity

¢ Cost of manufacture

In order to satisfy these criteria, more than one solution is usually possible and trade-off analyses should
be conducted to compare the different approaches that could be used to produce a particular part.

Control and Automation of Unit Processes

Every unit process must be controlled or directed in some way. The need for improved accuracy, speed,
and manufacturing productivity has spurred the incorporation of automation into unit processes regarding
both the translation of part design details into machine instructions, and the operation of the unit process
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itself and as a subsystem of tverall production mvironment The section of this chapter on compute
aided design/comput@ided mantacturing (CAD/CAM) discusses the technologyalved in creating
and storing CAD files and their use in CAVhe expectations of precision are continuing to change,
as indicated irFigure 13.2.1 This dive for ever-tighter tolerances is helping spur interest in continual
improvements in design and mdaaturing processses.

1 Normal
10 um Machining
. 1pum—+ Precision - -

Machining

T~

L, o

| ! | | 1
1960 1980 2000

Year

FIGURE 13.2.1 Precision machining domains. (From NR@npit Manufacturing PocessesNationd Academy
PressWashington, D.C., 1995, 16With permission.)

Modern machine tool controls are emphasizing areas: adapt control and communicatioRor
adaptive conbl the controller must adapt its contgalins so that theverall system remains at or near
the optimal condition in spite ofarying process dynamics. Expandsmmmunicationlinks the data
collected by a unit process controller to othegnsents of the marfiacturing operation. Datagarding
production time and quantity of parts produced can be stored in an accessible database for use by
inventory control and quality monitoringhis same database can then be used by production schedulers
to awid problems and costs associated with redundant databases.

At the factory kvel, machining operations engging two or more numerically controlled (NC)
machine tools may use a separate mainframe computer that coatestd snachine tools or an entire
shop The system is often referred to distributed numerical convl (DNC).

Today may factories are implementirftexible manufacturing systertisSMS), anevolution of DNC.

An FMS consists ofeweral NC unit processes (not necessarily only machine tools) which are intercon-
nected by an automated materials handling system and whiclbyeimglistrial robots for @ariety of

tasks requiring &xibility, such as loading/unloading the unit process quéusiigle computer sees

as master controller for the system, and each process may utilize a computer to dicecrtbelér

tasks Advantages of FMS include:

« A wide range of parts can be produced with a higdreke of automation
¢ Overall production lead times are shortened amdritory bvels reduced
e Producivity of production emplyees is increased

* Production cost is reduced
« The system can easily adapt to changes in products and prodeetisn |

Unit Processes

In the following discussion, a number of unit processes are discussemjzed by theféect that tiey
have onworkpiece configuration and structure. Meof the examples deal with processing of metals
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since that is the most likely material which users of this handbook will encounter. However, other
materials are readily processed with the unit processes described in this chapter, albeit with suitable
modifications or variations.

Mechanical assembly and material handling are also discussed in this section. On average, mechanical
assembly accounts for half of the manufacturing time, and processes have been developed to improve
the automation and flexibility of this very difficult task. Material handling provides the integrating link
between the different processes — material-handling systems ensure that the required material arrives
at the proper place at the right time for the various unit processes and assembly operations.

The section ends with a case study that demonstrates how understanding of the different unit processes
can be used to make engineering decisions.

¢ Material removal (machining) processes
 Traditional machining
Drill and reaming
Turning and boring
Planing and shaping
Milling
Broaching
Grinding
Mortality
« Nontraditional machining
Electrical discharge machining
Electrical chemical machining
Laser beam machining
Jet machining (water and abrasive)
Ultrasonic machining
« Phase-change processes
» Green sand casting
 Investment casting
* Structure-change processes
* Normalizing steel
» Laser surface hardening
« Deformation processes
« Die forging
* Press-brake forming
¢ Consolidation processes
« Polymer composite consolidation
» Shielded metal-arc welding
¢ Mechanical assembly
« Material handling
¢ Case study: Manufacturing and inspection of precision recirculating ballscrews

References
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Material Removal Processes

These processes, also known as machining, remove material by mechanical, electrical, laser, or chemical
means to generate the desired shape and/or surface characteristic. Workpiece materials span the spectrum
of metals, ceramics, polymers, and composites, but metals, and particularly iron and steel alloys, are by
far the most common. Machining can also improve the tolerances and finish of workpieces previously
shaped by other processes, such as forging. Machining is an essential element of many manufacturing
systems (ASM, 1989b; Bakerjian, 1992).

Machining is important in manufacturing because

« It is precise. Machining is capable of creating geometric configurations, tolerances, and surface
finishes that are often unobtainable by other methods. For example, generally achievable surface
roughness for sand casting is 400 to A00 (10 to 20um), for forging 200 to 40@in. (5 to 10
pm), and for die casting 80 to 2Q. (2 to 5um). Ultraprecision machining (i.e., super-finishing,
lapping, diamond turning) can produce a surface finish ofut4(0.01 um) or better. The
achievable dimensional accuracy in casting is 1 to 3% (ratio of tolerance to dimension) depending
on the thermal expansion coefficient and in metal forming it is 0.05 to 0.30% depending on the
elastic stiffness, but in machining the achievable tolerance can be 0.001%.

« Itis flexible. The shape of the final machined product is programmed and therefore many different
parts can be made on the same machine tool and just about any arbitrary shape can be machined.
In machining, the product contour is created by the path, rather than the shape, of the cutter. By
contrast, casting, molding, and forming processes require dedicated tools for each product geom-
etry, thus restricting their flexibility.

* It can be economical. Small lots and large quantities of parts can be relatively inexpensively
produced if matched to the proper machining process.

The dominating physical mechanism at the tool/workpiece interface in conventional machining is
either plastic deformation or controlled fracture of the workpiece. Mechanical forces are imposed on
the workpiece by the application of a tool with sharp edges and higher hardness than the workpiece.
However, many new materials are either harder than conventional cutting tools or cannot withstand the
high cutting forces involved in traditional machining. Nontraditional manufacturing (NTM) processes
can produce precision components of these hard and high-strength materials. NTM processes remove
material through thermal, chemical, electrochemical, and mechanical (with high impact velocity) inter-
actions.

Machinability is defined in terms of total tool life, power requirements, and resultant workpiece surface
finish. To date, no fundamental relationship incorporates these three factors and thus machinability must
be empirically determined by testing.

Process Selection
Machine tools can be grouped into two broad categories:

¢ Those that generate surfaces of rotation
« Those that generate flat or contoured surfaces by linear motion

Selection of equipment and machining procedures depends largely on these considerations:
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Size ofworkpiece

Configuration ofworkpiece

« Equipment capacity (speed, feed, homesr range)
« Dimensional accuy

Number of operations

Required suUace condition and product quality

For example, Figure 13.2.2 graphically indicates thearious toleranceelels that can be typically
achieved for common machining unit processes as a function of the size wbtkpiece. Such data
can help in identifying candidate unit processes that are capable of meeting product requirements.
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FIGURE 13.2.2 Tolerance vs. dimensional data for machining processes. (From MiRRCManufacturing FPo-
cessesNationd Academy PresdNashington, D.C., 1995, 16®Vith permission.)

Traditional Machining
Steven Y. Liang

Traditional machining processes mra material from avorkpiece through plastic deformatiofihe
process requires direct mechanical contact between the toal@kgiece and uses rebat motion
between the tool and theorkpiece to évelop the shear forces necessary to form machining.chies
tool must be harder than timrkpiece toavoid excessve tool wea The unit processes described here
are a representae sample of the types mositdly to be encounteredhe reference list at the end of
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the section should be consulted for more detailed information on the unit processes discussed below,
plus those that are not included here.

Process Kinematics in Traditional Machiningn all traditional machining processes, the surface is
created by providing suitable relative motion between the cutting tool and the workpiece. There are two
basic components of relative motion: primary motion and feed motion. Primary motion is the main
motion provided by a machine tool to cause relative motion between the tool and workpiece. The feed
motion, or the secondary motion, is a motion that, when added to the primary motion, leads to a repeated
or continuous chip removal. It usually absorbs a small proportion of the total power required to perform
a machining operation. The two motion components often take place simultaneously in orthogonal
directions.

The functional definitions of turning, milling, drilling, and grinding are not distinctively different, but
machining process specialists have developed terminology peculiar to a given combination of functions
or machine configurations. Commonly used metal-cutting machine tools, however, can be divided into
three groups depending upon the basic type of cutter used: single-point tools, multipoint tools, or abrasive
grits.

Dynamic Stability and ChatterOne of the important considerations in selecting a machine tool is its
vibrational stability. In metal cutting, there is a possibility for the cutter to move in and out of the
workpiece at frequency and amplitude that cause excessive variations of the cutting force, resulting in
poor surface quality and reduced life of the cutting tool (Welboum, 1970).

Forced vibrationsduring cutting are associated with periodic forces resulting from the unbalance of
rotating parts, from errors of accuracy in some driving components, or simply from the intermittent
engagement of workpiece with multipoint cutte3slf-excited vibrationeccur under conditions gener-
ally associated with an increase in machining rate. These vibrations are often referred to as chatter. All
types of chatter are caused byeadback loopwithin the machine tool structure between the cutting
process and the machine frame and drive system. The transfer function of the machine tool, in terms of
the stiffness and damping characteristics, plays a critical role in the stability of the overall feedback
system. The static stiffness of most machine tools, as measured between the cutting tool and the
workpiece, tends to be around ®-t/in. A stiffness of 10lb-ft/in. is exceptionally good, while stiffness
of 10* Ib-ft/in. is poor but perhaps acceptable for low-cost production utilizing small machine tools.

Basic Machine Tool Component®dvances in machine-tool design and fabrication philosophy are
quickly eliminating the differences between machine types. Fifty years ago, most machine tools per-
formed a single function such as drilling or turning, and operated strictly stand-alone. The addition of
automatic turrets, tool-changers, and computerized numerical control (CNC) systems allowed lathes to
becometurning centersand milling machines to becomeachining centetsThese multiprocess centers

can perform a range of standard machining functions: turning, milling, boring, drilling, and grinding
(Green, 1992).

The machine todramesupports all the active and passive components of the tool — spindles, table,
and controls. Factors governing the choice of frame materials are: resistance to deformation (hardness),
resistance to impact and fracture (toughness), limited expansion under heat (coefficient of thermal
expansion), high absorption of vibrations (damping), resistance to shop-floor environment (corrosion
resistance), and low cost.

Guide wayscarry the workpiece table or spindles. Each type of way consistslideanoving along
a track in the frame. The slide carries the workpiece table or a spindle. The oldest and simplest way is
thebox wayAs a result of its large contact area, it has high stiffness, good damping characteristics, and
high resistance to cutting forces and shock loads. Box slides can experience stick-slip motion as a result
of the difference between dynamic and static friction coefficients in the ways. This condition introduces
positioning and feed motion errorsliAear wayalso consists of a rail and a slide, but it uses a rolling-
element bearing, eliminating stick-slip. Linear ways are lighter in weight and operate with less friction,
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so they can be positioned faster with less energy. However, they are less robust because of the limited
surface contact area.

Slides are moved by hydraulics, rack-and-pinion systems, or sdtigdraulic pistonsare the least
costly, most powerful, most difficult to maintain, and the least accurate option. Heat buildup often
significantly reduces accuracy in these systems. Motor-drizgek-and-pinionactuators are easy to
maintain and are used for large motion ranges, but they are not very accurate and require a lot of power
to operate. Motor-driven screws are the most common actuation method. The screws can either be lead
screws or ballscrews, with the former being less expensive and the latter more accuraticlifeing
ballscrewhas very tight backlash; thus, it is ideal for CNC machine tools since their tool trajectories
are essentially continuous. A disadvantage of the ballscrew systems is the effective stiffness due to
limited contact area between the balls and the thré&mie{a case study at the end of this section
discusses the manufacture of precision ballscrews.)

Electric motorsare the prime movers for most machine tool functions. They are made in a variety of
types to serve three general machine tool needs: spindle power, slide drives, and auxiliary power. Most
of them use three-phase AC power supplied at 220 or 440 V. The design challenge with machine tools
and motors has been achieving high torque throughout a range of speed settings. In recent years, the
operational speed of the spindle has risen significantly. For example, conventional speeds 5 years ago
were approximately 1600 rpm. Today, electric motors can turn at 12,000 rpm and higher. Higher speeds
cause vibration, which makes use of a mechanical transmission difficult. By virtue of improvement in
motor design and control technology, it is how possible to quickly adjust motor speed and torque.
Mechanical systems involving more than a three-speed transmission are becoming unnecessary for most
high-speed and low-torque machines. Spindle motors are rated by horsepower, which generally ranges
from 5 to 150 hp (3.7 to 112 kW) with the average approximately 50 hp (37 kW). Positioning motors
are usually designated by torque, which generally ranges from 0.5 to 85 Ib-ft (0.2 to 115 Nm).

The spindledelivers torgue to the cutting tool, so its precision is essential to machine tool operation.
The key factors influencing precision are bearing type and placement, lubrication, and cooling.

Cutting Tool Materials. The selection of cutting tool materials is one of the key factors in determining

the effectiveness of the machining process (ASM, 1989b). During cutting, the tool usually experiences
high temperatures, high stresses, rubbing friction, sudden impact, and vibrations. Therefore, the two
important issues in the selection of cutting tool materials are hardness and toughmniesds defined

as the endurance to plastic deformation and wear; hardness at elevated temperatures is especially
important. Toughnesss a measure of resistance to impact and vibrations, which occur frequently in
interrupted cutting operations such as milling and boring. Hardness and toughness do not generally
increase together, and thus the selection of cutting tool often involves a trade-off between these two
characteristics.

Cutting tool materials are continuously being improved. Carbon steels of 0.9 to 1.3% carbon and tool
steels with alloying elements such as molybdenum and chromium lose hardness at temperatures above
40C°F (200C) and have largely been replacedhigh-speed steel#1SS). HSS typically contains 18%
tungsten or 8% molybdenum and smaller amounts of cobalt and chromium. HSSs retain hardness up to
110C0F (600C) and can operate at approximately double the cutting speed with equal life. Both tool
steels and HSS are tough and resistive to fracture; therefore, they are ideal for processes involving
interrupted engagements and machine tools with low stiffness that are subject to vibration and chatter.

Powder metallurgy(P/M) high-speed tool steels are a recent improvement over the conventionally
cast HSSs. Powder metallurgy processing produces a very fine microstructure that has a uniform
distribution of hard particles. These steels are tougher and have better cutting performance than HSS.
Milling cutters are becoming a significant application for these cutting tool materials.

Cast cobaltalloys, popularly known as Stellite tools, were introduced in 1915. These alloys have 38
to 53% cobalt, 30 to 33% chromium, and 10 to 20% tungsten. Though comparable in room temperature
hardness to HSS tools, cast cobalt alloy tools retain their hardness to a much higher temperature, and
they can be used at 25% higher cutting speeds than HSS tools.
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Cemented carbidasffered a four- or fivefold increase in cutting speeds over conventional HSS. They
are much harder, but more brittle and less tough. The first widely used cemented carbide was tungsten
carbide (WC) cemented in a ductile cobalt binder. Most carbide tools in use now are a variation of the
basic WC-Co material. For instance, WC may be present as single crystals or a solid solution mixture
of WC-TiC or WC-TiC-TaC. These solid solution mixtures have a greater chemical stability in the cutting
of steel. In general, cemented carbides are good for continuous roughing on rigid machines, but should
avoid shallow cuts, interrupted cuts, and less rigid machines because of likely chipping.

A thin layer of TiC, TiN, or AJO,; can be applied to HSS or carbide substrate to improve resistance
to abrasion, temperature, friction, and chemical attacksc®aeed toolsvere introduced in the early
1970s and have gained wide acceptance since. Coated tools have two or three times the wear resistance
of the best uncoated tools and offer a 50 to 100% increase in speed for equivalent tool life.

Ceramictools used for machining are based on alumingQ@lor silicon nitride (SiN,). They can
be used for high-speed finishing operations and for machining of difficult-to-machine advanced materials,
such as superalloys (Komanduri and Samanta, 1989). The alumina-based materials contain particles of
titanium carbide, zirconia, or silicon carbide whiskers to improve hardness and/or toughness. These
materials are a major improvement over the older ceramic tools. Silicon nitride—based materials have
excellent high-temperature mechanical properties and resistance to oxidation. These materials also have
high thermal shock resistance, and thus can be used with cutting fluids to produce better surface finishes
than the alumina tools.

These tools can be operated at two to three times the cutting speeds of tungsten carbide, usually
require no coolant, and have about the same tool life at higher speeds as tungsten carbide does at lower
speeds. However, ceramics lack toughness; therefore, interrupted cuts and intermittent application of
coolants can lead to premature tool failure due to poor mechanical and thermal shock resistance.

Cermetsare titanium carbide (TiC) or titanium carbonitride particles embedded in a nickel or
nickel/molybdenum binder. These materials, produced by the powder metallurgy process, can be con-
sidered as a type of cemented carbide. They are somewhat more wear resistant, and thus can be used
for higher cutting speeds. They also can be used for machining of ferrous materials without requiring a
protective coating.

Cubic boron nitride(CBN) is the hardest material at present available except for diamond. Its cost is
somewhat higher than either carbide or ceramic tools but it can cut about five times as fast as carbide
and can hold hardness up to 2001t is chemically very stable and can be used to machine ferrous
materials.

Industrialdiamondsare now available in the form of polycrystalline compacts for the machining of
metals and plastics with greatly reduced cutting force, high hardness, good thermal conductivity, small
cutting-edge radius, and low friction. Recently, diamond-coated tools are becoming available that promise
longer-life cutting edges. Shortcomings with diamond tools are brittleness, cost, and the tendency to
interact chemically with workpiece materials that form carbides, such as carbon steel, titanium, and
nickel.

Wear of Cutting Tool Materials.Cutting tools are subjected to large forces under conditions of high
temperature and stress. There are many mechanisms that cause weatr.

¢ Adhesion. The tool and chip can weld together; wear occurs as the welded joint fractures and
removes part of the tool material, such as along a tool cutting edge.

¢ Abrasion. Small particles on the wear surface can be deformed and broken away by mechanical
action due to the high localized contact stresses; these particles then abrade the cutting tool.
Typically, this is the most common wear mode.

« Brittle fracture. Catastrophic failure of the tool can occur if the tool is overloaded by an excessive
depth of cut and/or feed rate.

« Diffusion. Solid-state diffusion can occur between the tool and the workpiece at high temperatures
and contact pressures, typically at an area on the tool tip that corresponds to the location of
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maximum temperature, e.g., cemented carbide tools used to machine steel. High-speed machining

results in higher chip temperatures, making this an increasingly important wear mode.

« Edge chipping.

« Electrochemical. In the presence of a cutfingl, an electrochemical reaction can occur between
the tool and thevorkpiece, resulting in the loss of a small amount of tool materiaery chip.

« Fatigue.
* Plastic deformation.

Single-Point Cuttinglool Geomety. Figure 13.2.3depicts the location ofarious angles of interest on
a single-point cutting toolThe most significant angle is tleatting-edgeangle, which directly féects
the shear angle in the chip formation process, and therefore gréaiiynaes tool force,qwer require-
ments, and temperature of the tearkpiece inteface (ASM, 1989a)The lager the posive value of
the cutting-edge angle, thenler the forceput the greater the load on the cutting td@r machining
highe-strength materials,egaive rée angles are useBack rakeusually controls the direction of chip
flow and is of less importance than the sideer&ero back ke mkes the tool spiral more tightl
whereas a posite back rle stretches the spiral into a longer hefiide rakeangle controls the thickness
of the tool behind the cutting edge thick tool associated with a smallkeaangle povides maximum
strength but the small angle produces higher cutting forces thargarlangle; the tge angle requires
less motor horsemwer.

Besh pang Dagle
[1-1.4]

L Sl rakE
znglE
(- 1]

Sl raiinl sngie SRF] Ead cating-sdga sagle ECTA) Side cutrmg-adga sagie (SCER]

FIGURE 13.23 Standard nomenclature for single-point cutting tool anglesn{(A8M Handbook, Machining,
Vol. 16, 9th ed.ASM International, Metal®ark, OH, 1989, 141With permission.)

The endrelief angleprovides clearance between the tool andfthished suiace of thework. Wear
reduces the angle. If the angle is too small, the tool rubs on tleeeswf thevorkpiece and mars the
finish. If the angle is too tge, the tool may dig into theorkpiece and chatteor stow weakness and
fail through chippingThe siderelief angleprovides clearance between the cufface of thevork and
the flank of the toolTool wear reduces thdfective portion of the angle closest to twerkpiece. If
this angle is too small, the cutter rubs and heats. If the angle iggeo tlae cutting edge is weak and
the tool may dig into thevorkpiece The end cutting-edge anglerovides clearance between the cutter
and the finished stace of thework. An angle too close to zero may cause chatter witiryhéeeds,
but for a smooth finish the angle on light finishing cuts should be small.
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Machinability. Optimum speed and feed for machining dependvorkpiece material, tool material,
characteristics of the cut, cutting tool &igaration, rigidity of setup, tolerance, and cuttifigid.
Consequeryl it is not possible to recommendiversally applicable speeds and feeds.

Drilling and Reaming

Description anl Applications. Drillingis the most widely used process for making circular holes of
moderate accucg. It is often a preliminary step to other processes such as tapping, boring, or reaming.
Reamingis used to impve the accurey of a hole while increasing its diametéloles to be reamed

are drilled undersize.

Key System Component®rills are classified by the material from whictethare made, method of
mandacture, length, shape, number and type of helflute, shank, point characteristics, and size series
(Table 13.2.]. Selection of drill depends omvgral factors (ASM, 1989b):

TABLE 13.2.1 Common Drill Types

Drill Type Description Application
Core Has lage clearance for chips Roughing cuts; entging holes
General-purpose Conventional two-flute design; right-hand (standard) or left-harigeneral-purpose use, wide range of
(jobber) helix. Available with flute modification to break up long chipssizes
Gun Drill body has a tube for cutting fluid; drill has two cutting edgd3rill high-production quantities of

on one side and coumtbalancing wear pads on the other sidéioles without a subsequent
finishing operation

High helix Wide flutes and naow lands to povide a lage bearing surface Soft materialsdee holes highfeed
rates

Low helix Deep flutes facilitate chip resval Soft materials, shail holes

Oil hole Has holes through the drill body for pressurizeddflui Hard materials, deep holes, high
feed rate

Screw-machire  Short length, short flutesxtremely rigd Hard materials; nonflat surfaces

Step Two or more drill diameters along the drill axi Produce multiple-diameter holes,
such as for drilling/countersinking

Straight flute Flutes parallel to the drill axis minimize torquing of the Soft materials; thin sheets

workpiece

« Hardness and composition of thverkpiece, with hardness being more important
« Rigidity of the tooling

« Hole dimensions

e Type of drilling machine

« Drill application— originating or enleging holes

« Tolerances

» Cost

The most widely used drill is the general-purpose twist drill, which hawy raiations The flutes on
a twist drill are helical and are not designed for cutbagfor rerroving chips from the holeTypical
twist drills are sbhwn in Figure 13.2.4.
Machining forces durigreamingoperations are less than those of drilling, and hence reamers require
less toughness than drills and often are more fragfile reaming operation requires maximum rigidity
in the machine, reameandworkpiece.
Most reamershave wo or more flutes, either parallel to the tool axis or in a helix, whiohige
teeth for cutting and gowes for chip reraval. The selection of the number féites is critical: a reamer
with too many flutes may become clogged with chips, while a reamer withdadlfites is lkely to
chatter Table 13.2.2)
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Over-all length Body diameter
Lip relief clearance:
i angle ™ Chiset edge Cleorance
Helix ongle 9
g Point angle—~ /\ angle diameter
Chisel edge
S e St v
Margin
Neck Flute length Cutting lip
~=—— Shonk length Body

FIGURE 13.2.4 Design features of a typical straight-shank twist drill. (F®&M Handbook, Machininy/ol. 16,
9th ed., ASM International, Metals Park, OH, 1989, 218. With permission.)

TABLE 13.2.2 Common Reamer Types

Reamer Type Description Application
Adjustable Tool holder allows adjustment of the reamer diameter to  High-rate production
compensate for tool wear, etc.
End-cutting Cutting edges are at right angles to the tool axis Finish blind holes, correct deviations

in through-holes
Floating blade  Replaceable and adjustable cutting edges to maintain tightHigh-speed production (workpiece

tolerances rotated, tool stationary)
Gun Hollow shank with a cutting edge (e.qg., carbide) fastened to th#gh-speed production (workpiece
end and cutting fluid fed through the stem rotated, tool stationary)
Shell Two-piece assemblies, mounted on arbors, can be adjustedJsed for finishing operations
compensate for wear (workpiece rotated, tool stationary)
Spiral flute Flutes in a helix pattern, otherwise same as straight-flute reamer  Difficult to ream materials, and holes

with irregularities
Straight flute Flutes parallel to the tool axis, typically pointed with°a 45 General-purpose, solid reamer
chamfer

Machining Parameters.The optimal speed and feed for drilling depend on workpiece material, tool
material, depth of hole, design of drill, rigidity of setup, tolerance, and cutting fluidreRoring
operations, hardness of the workpiece has the greatest effect on machinability. Other significant factors
include hole diameter, hole configuration (e.g., hole having keyways or other irregularities), hole length,
amount of stack removed, type of fixturing, accuracy and finish requirements, size of production run,
and cost. Most reamers are more easily damaged than drills; therefore, the practice is to ream a hole at
no more than two thirds of the speed at which it was drilled.

Capabilities and Process LimitationsMost drilled holes aré/; to 1 in. (3.2 to 40 mm) in diameter.
However, drills are available for holes as small as 0.001 in. (0.03 mm) (microdrilling), and special drills
are available as large as 6 in. (150 mm) in diameter. The range of length-to-diameter (L/D) of holes that
can be successfully drilled depends on the method of driving the drill and the straightness requirements.
In the simplest form of drilling in which a rotating twist drill is fed into a fixed workpiece, best results
are obtained when L/D is <3. But by using special tools, equipment, and techniques, straight holes can
be drilled with L/D = 8 or somewhat greater. Nonconventional machining processes can also generate
high-aspect-ratio holes in a wide variety of materials.

Reaming and boring are related operations. Hole diameter and length, amount of material to be
removed, and required tolerance all influence which process would be most efficient for a given appli-
cation (ASM, 1989b). Most holes reamed are within the size rangfg tof 1 inch (3.2 to 40 mm),
although larger and smaller holes have been successfully reamed. For most applications with standard
reamers, the length of a hole that can be reamed to required accuracy ranges from slightly longer to
much shorter than the cutting edges of the reamer, but there are many exceptions to this general rule-
of-thumb. Tolerances of 0.001 to 0.003 in. (0.03 to 0.08 mm) with respect to the diameter are readily
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achevable in production reaming operations. f8ae finish for annealed steels can be held within the
range of 100 to 12fin. (2.50 to 3.2Qum), but a suface as smooth as 4. (1 um) can be obtained
under appropriate processing conditions (ASM, 1989b).

Turning and Boring

Description anl Applications. Turning producesexternal cylindrical sufaces by remving material
from a rotatingvorkpiece, usually with a single-point cutting tool in a laBering is this same process
applied for enleging or finishing internal séeices of evolution.

Key System Component3.he basic equipment for turning is angine lathethat consists of a bed, a
headstock, a carriage slide, a cross slide, a tool holder mounted on the cross slide, and a sagnce of p
for rotating theworkpiece Table 13.2.3 Engine lathes are often médd to perform additional types

of machining operations through the use of attachments. Most turning machines can also perform boring
operationshut boring machines may not be able to perform turning operations. Sizes of lathes range
from fractional horsepver to greater than 200 hp.

TABLE 13.2.3 Typical Lathes Usedfor Turning

Lathe Description Applications
Bench lathe An engine lathe that can be placed on a workbench Smal workpieces and prototype parts
Engine lathe Has a leadsew that noves the slide uniformly along Chucking type afiws centering and

the bedavailable with chucking or centering headstock clamping for rotation, e.g., holding
castings or f@ings
Centering type secures workpiece
between pointed centers, e.g., for
turning long workpieces, such as
shafts
Gap-frane lathe Modified engine lathe for turningriger diamete pars ~ Workpieces requiring fé-center
mounting or iregular protuberances
Numerically controlled Uses a computer program to control the lathe to generaroduces consistent parts in a

lathe the desired shape CAD/CAM environment
Trace-controlled lathe A duplicating lathe that uses a stylusvimg over a Manufacture of prototype parts and
template to control the cutting tool low-rate production

TABLE 13.2.4 Typical Machines Usedfor Boring

Boring Machine Description Applications
Bar (scew) Modified turret lathe to handle bars and tubedarts made from bars or tubes
machine
Engire lathe Versatile machine; essentially same machine aBores one hole at a time in a single part; limitations
used for turning regarding workpiece size and configuration
Horizontal Workpie@ remairs stationay and tod rotates ~ Wide variety of parts; costféective for a relately
boring mill high productiorvolume
Precision boring Vertical and horizontal model Parts requiringextreme tolerances
machine
Special-purpose  Boring machine modified for specialized Single-purpose applications with high production
machines application rates
Turret lathe Has rotating turret on a lathe, tooled for More versatile than engine lathe; supports high
multiple machining operations production rates
Vertical boring Same basic components as a lathe Very lage, havy, or eccentric workpieces
mill
Vertical turret Same features aertical boring mill; may also Flexible machine, useful in CAD/CAM
lathe have a secondertical head environment; simultaneous multiple machining

operations possible
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Machines used for boring are noted for their rigididaptabiliy, and ability to maintain a higregree
of accuray (Table 13.2.% For extremely lage workpieces, weighing thousands of pounds, the boring
cutting tool is rotated and theorkpiece is fked.

MachineTool and Machining Parametersin turning and boring operations, a single-point tool is tra-
versed longitudinally along the axisymmetworkpiece axis parallel to the spindketangential force

is generated when the cutting toobages the rotatingrork. This force is generally independent of the
cutting speed and directly proportional to the depth of cut for a particular material, tool shape (particularly
side r&e angle), and feed rat€hat force, when multiplied by the $ace speed of theorkpiece,
estimates the net horsmyer required to reove materialTheextent to whichworkpiece materialféects
required machining@ver is illustrated irFigure 13.2.5 Moving the tool longitudinally requires much

less pwer (ASM, 1989b).
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FIGURE 13.25 Effect of workpiece composition and hardness owes required for turning. (Fro ASM Hand-
book, MachiningVol. 16, 9th ed.ASM International, Metalfark, OH, 1989, 136With permission.)

To minimize the number of cuts required, the depth of cut should be as great as possible, which is
limited by the strength of the part and fheuring, and the @wver output of the machine todihe feed
rate is a function of the finish desired and the strength and rigidity of the part and machine tool.
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Capabilities and Limitations.Components that range in size from those usedaithes up to lge
steel propeller shafts more than 80 ft (24 m) long egalarly turned Aluminum partsover 10 ft (3
m) in diameter &ve been turned. In practice, the weight ofwieekpiece per unit ofolume determines
the size of thevorkpiece that is practical to turn. ige, hevy parts can be turned invertical boring
machine. Iregular-shaped parts, such as crankshafts, may require the use of-coeeigtgting to acheve
dynamic balance for vibration-free turning.

For both turning and boring, the rotation speed, feed, and depth of cut determine the rate of material
removal and resulting steice qualy. Feed rate for most applicatiofels between 0.005 and 0.020
in./rev (0.13 and 0.5mm/rev). Finishing cuts &ve a significantly dwer feed rate (e.g., 0.001 irvy
0.3 mm/rev), and roughing cuts are made at a digantly higher feed rate (e.g., 0.25 iavr
6.35 mm/rev). Boring is not limited by the L/D ratio of a e} this ratio can be as great as 50 if the
tool bar andvorkpiece are adequately supported.

There are may potential sources of tolerance error in turning and boring operafities more
common errors are summarizedTliables 13.2.5and13.2.6.

TABLE 13.2.5 Factors Affecting Dimensiond Accuracy in Turning

Quantity Basic Cause of Inaccuracy Corrective Actions
Diametrical roundness Lathe spindle runout Preload angular bearings to eliminate side and end
movement

Diametervariation (taper) Parallelism of spindle to Establish true parallelism between the axis of rotation of
longitudinal tevel the workpiece and the longitudinaitel of the cutting tool

Face flatnes Lack of true normality of Precision align cross slide to axis of rotation
cross slide to axis of rotation

Length dimensions parallel Improper positioning of Adjust positioning of longitudinal slide

to the axis of rotation longitudinal slide
Diameter accuy Inadequate gauging Employ proper measurement technigue

TABLE 13.2.6 Factors Affecting Dimensiond Accuracy in Boring

Quantity Basic Cause of Inaccuracy Corrective Actions
Diameter accuy Inadequate gauging, or heat Employ proper measurement techniques;
generated by the machining action use cutting fluid to control temperature
Taper of thecylindrical bore Deflection of the boring bar Reduce the boring bar unsupported

length; use a highestiffness material
for the boring bar
Roundness, as determined by the  Finish cut is not concentric with the Begin with a semifinish cut, fallved by

variation in radius about axéd axis previous cut; or out-of-balance a finish cut; carefully balance the initial
workpiece or holder setup
Concentricity of one surface with Too great a clamping force on the Redesign clamping fixture, or use a
another workpiece precision boring machine
Squareness and parallelism of holes inDimensional changes in machine  Maintain constant ambient temperature;
relation to other features of the work components maintain cutting fluid at constant

temperature; or stabilize oil temperature

Planing and Shaping

Description aml Applications. Planings a widely used process for produciteg, straight sdaces on
largeworkpiecesA variety of contour operations and slots can be generated by use of special attachments.
It is often possible to machine enf parts quiker by planing than byrg other methodShapingis a

process for machining flat and contourfages, including gaves and slots.

Principle of Operation. Planerdevelop cutting action from straight-line reciprocating motion between
one or more single-point tools and terkpiece; thevork is reciprocated longitudinally while the tools
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are fed sidways into thework. Planer tables are reciprocated by either mechani¢gidoaulic dives,
with mechanical dves predominating.

Shapersuse a single-point tool that is supported by a ram which reciprocates the tool in a linear
motion against thevorkpiece The workpiece rests on a flat bed and the cutting tooliiedroward it
in small increments by ram skes. Shapers amvailable with mechanical andydraulic dives, with
mechanical dves predominating.

MachineTool and Machining ParametersPlaning and shaping are rugged machining operations du
ing which theworkpiece is subjected to sidiwiant cutting forceshese operations require high clamping
forces to secure theorkpiece to the machine bed.

In general, it is advisable to plane steel with aavye feed and as high a speed as possible to
promote good chip-formation conditions so that chip keeaare not needed. Carbide cutterevall
cutting speed to be increased from 225 to 30tasarfeet per minute (sfm) (70 to 90 m/miR)r best
results, uniform cutting speed and feed are maintained throughout the ekgréAsSdM, 1989b).

In general, speeds are relatesvtirkpiece material characteristics and associated machigabdeds
are influenced by thevorkpiece machinabilt but also by ram speed, depth of cut, and required
dimensional accuy and suface finish. Common practice in shaping is tckeneoughing cuts at as
high a feed and alv a speed as practical, and kadinishing cuts at aoW feed rate and high speed
(ASM, 1989b).For low carbon steel, a typical speed for a roughing cut is 50 sfm (15 m/min), while for
a finishing cut it is 80 sfm (25 m/min) using aneentional cutting tool. Similarly for aluminum, a
roughing cut of 150 sfm (45 m/min) is typically f@lted by a finishing cut of 200 sfm (60 m/min).

There is a practicabiver bound on minimum feed rate. Feed rates that areotowvill cause the
tool to chatter; feed rates less than 0.005 in. i) are seldom used in shaping. Simylashalbw
cuts (less than 0.015 in., 8.81m) will cause chatter during shaping.

Key System Component®laners areavailable in a wide range of sizeSaple 13.2.). Tools are
available in avariety of configurations for undercutting, slotting, and straight planing of either horizontal
or vertical sufaces (ASM, 1989b).

TABLE 13.2.7 Types of Planers

Planer Type Description Application
Double Two vertical uprights support the crossrail which Rigid machine; restricts the width of workpiece
housing in turn supports the tools

Open side A single upright column supports a caatdred  Accommodates wide workpieces which carrhang
crossrail; less rigid than the double-housing type one side of the table without interfering with the
planer operation

Shapers aravailable in a lege variety of sizes Table 13.2.8 ranging from small models with a
maximum str&e length of less than 6 in. (A&m) to lage machines with a maximum gteoof 36 in.
(914 mm). On each machine, the length of ktraan bevaried from its maximum to slightly less than
1 in. (5 mm) for the lagest machine, and t, in. (32 mm) for the smallest machine.

TABLE 13.2.8 Types of Shapers

ShaperType Description Application

Horizontd The ram dives the tool in the horizontal direction; usesGears, splined shafts, racks, and so on; not
plane or uiversal table (rotates on threeea) used for rate production

Vertical The ram operategertically, cutting on the dwnstrole Slots, groves, leyways; matching die sets,

molds, fixtures; not used for rate production
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Capabilities and Pocess Limitations.Planing is a precision process in whittatness can be held
within 0.0005 in. (0.02 mm) total indicated runout (TIR) amorkpieces up to 4%(0.4 n¥). Although
planing is most widely used for machiningga areas, it is also used for machining smaller parts,
although 12 in. is about the minimum distance for a planirkpsteize of thevorkpiece that can be
planed is limited by the capacity of the planing equipment.

Shaping is aversatile process in which setup time is short andivelgtinexpensve tools can be
used. Under good conditions, a shaper can machine a squaeesefr 18 in. on a side (0.22nto a
flatness within 0.001 in. (0.62nm); under optimum conditions this can be ioved to 0.0005 in.
(0.013 mm). The size of thevorkpiece that can be shaped is limited by the length of the,sichich
is usually about 36 in. (9Imm). Shaping should be considered for machidiag sufaces in these
instances:

* Required flatness cannot be awid by another method
¢ Production quantity is ingficient to justify the tooling costs of milling or broaching

Planing and shaping are interrupted cutting processes, and are comalyanagfficient means of
metal renoval; for example, shaping costs/é times that of millingexclusve of the tooling and setup
costs.

Milling
Description aml Applications. Milling is a versatile, icient process for metal rewal. It is used to
generate planar and contourfsiges through the action of rotating multiple-tooth cutter§aSes aving

almost ay orientation can be machined because botiwitrpiece and cutter canave in more than
one direction at the same time.

Principle of Operation. Cutters with multiple cutting edges rotate in a spintllee machining process
is interrupted as the teeth of the milling cutter alternatefjagm and disengage from therkpiece.

Key System Componentd/ost milling is done in machines designed for millifigifle 13.2.9 Milling

can also be done bywamachine tool that can rigidly hold and rotate a cutter while feedimykpiece

into the cutte Milling machines are usually clafied in terms of their appearance: knee-and-column,
bed-type, plamatype, and special purpasthe knee-and-column configuration is the simplest milling
machine designThe workpiece is fted to a bed on the knee and the tool spindle is mounted on a
column, as depicted iRigure 13.2.6For very lageworkpieces, gantry or bridge-type milling machines
are used. Machinesafing two columns can jwide greater stability to the cutting spindle(s). Special-
purpose machines are mfidations of the three basic models.

The usual pwer range for knee-and-column machines is 1 to 50 hp (0.75 to 37 kW). Bed-type
machines arewailable in a wide range of sizes, up to 300 hp (225 kW). Pigpa machines are
available from 30 to 100 hp (22 to 75 kW).

There is a wideariety of milling cutters, using the full range of cutting tool materials; there are three
basic constructions (ASM, 1989b):

« Solid — Made from a single piece of HSS or carbide; cutters can be tipped with a harder material,
teeth can designed for spicicutting conditions;dw initial cost.

« Inserted blad— Usually made from HSS, carbide, or casiyglindividual blades can be replaced
as they wear out, aving replacement cost; ideal for close-tolerafineshing.

* Indexable inser— Cutter inserts are made from carbide, coated carbide, ceramic, or ultrahard
material such as diamond; each insert has one or more cutting edges; as insetteywaa
repositioned tcexpose mw cutting suface or indxed to bring another cutting insert on line.
These inserts, widely used in computentrolled machines due to their performance fad-
bility, can produce a rougher fage than the other tool constructions and requireesbat
higher cutting forces to remde metal.
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TABLE 13.2.9 Types of Milling Machines

Milling Machine Description Application

Knee-and-column Six basic components: Widely used fordw production milling;
« Base — the primary support provides three-axis mvement; primary
¢ Column — houses spindle andwdr drawback is lack of rigidity due to the

« Overarm — povides support for the arbonounted number of joints
cutting tools

« Knee — supports the table, saddle, and workpiece;
providesvertical movement

« Saddle — povides T of horizontal motion

« Table — directly supports the workpiece and
provides a secondedree of horizontal motion

Bed-type Table and saddle mounted on a bededivertical Very rigid machine; permits deep machining

position; vertical motion obtained by awvement of cuts and close dimensional control
the spindle carrieravailable with horizontal or
vertical spindle

Plana-type Can accommodate almostyatype of spindle for Use for mass-production milling; can
(adjustable rail) driving cutters and boring bars; utilizesssral perform simultaneous milling and boring
milling heads operations
Special purpose  Many possible configurationsnolving major Optimized for highvolume production;

modifications or combinations of the basic types of includes profilers and machining centers;

milling machines; adapted for automated control  these machines are capable of performing
multiple simultaneous machining
operations

FIGURE 13.26 Principal components of a plain knee-and-column milling machine with a horizontal spindle. (From
ASM Handbook, Machining/ol. 16, 9th ed.ASM International, Metal®ark, OH, 1989, 304With permission.)

Milling cutters are also described by the location of the cutting edges, as destiibbé 13.2.10
Several cutters are depicted Figure 13.2.7

MachineTool and Machining ParametersThe angular relationships of the cutting edge greafly-in
ence cutting #iciency, analogous to single-point cutting toofs milling cutter should Bve enough
teeth to ensure uninterrupted contact with wwekpiece, yet not so mg so as to mvide too little

space between the teeth tokaahip renoval difficult.

Milling speedvaries greatly depending evorkpiece material composition, speed, feed, tool material,
tool design, and cutting fluid. Speeds aw las D sfm (6.1 m/min) are empyed for milling bw
machinability albys, while speeds as high as 20,000 sfm (6100 m/naire been reported for milling
aluminum (ASM, 1989b). If the setup isfBdently rigid, carbide or carbide-tipped cutters can be
operated three to ten timéaster than HSS cutters; top speed is usually constrained by onset of tool
chatte.
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TABLE 13.2.10 Types of Milling Cutters

Milling Cutters Description Application

Peripheral mills Cutting is primarily done by teeth on the peripheriRemoving metal from simple flat surfaces;
of the cutting tool; mounted on an arbor having milling contoured surfaces and surfaces having

its axis parallel to the machined surface two or more angles or complex forms

Face mills Machining action is accomplished by the bevel Can be more efficient at removing material than
cutting edge located along the circumference of peripheral milling; very rigid tool setup
the mill; driven by a spindle on an axis possible; can achieve tight tolerances
perpendicular to the surfaced being milled

End mills Incorporate cutting edges on both the face and thisllow multiple operations without changing
periphery; can be used for face cuts and peripherycutters; cutters can have difficulty in
cuts maintaining dimensional accuracy due to long

unsupported length
Special mills Can be almost any design Optimized for a particular task

Peripheral mill

FIGURE 13.2.7 Three typical milling cutters. (FrodSM Handbook, Machining/ol. 16, 9th ed., ASM Interna-
tional, Metals Park, OH, 1989, 311. With permission.)

For highest efficiency in removing metal while minimizing chatter conditions, the feed per tooth
should be as high as possible. The optimum feed rate is influenced by a number of factors (ASM, 1989b):
type of cutter, number of teeth on the cutter, cutter material, workpiece machinability, depth of cut,
width of cut, speed, rigidity of the setup, and machine power. The surface finish obtainable by milling
can be quite good. A finish of 126n. (3.2um) can be readily achieved under normal circumstances
with HSS mills, and finishes of §8n. (1.6 um) are common if carbide tools are used. With careful
selection of cutters and stringent control of process conditions, a finish of 10 min (0.25 mm) can be
produced.

Process Limitations. The initial cost of a milling machine is considerably greater than that of a planar
or a shaper that can machine workpieces of similar size to similar finishes. Milling tools usually cost
up to 50 times as much as tools for planers and shapers, and the setup time is usually longer. However,
milling is far more efficient in removing material, and milling machines are commonly highly automated.
Therefore, milling is preferred for production operations.

Grinding is often preferred to milling when the amount of metal to be removed is small and the
dimensional accuracy and surface finish are critical. Milling and grinding are frequently used in com-
bination.

Broaching

Description and Applications.Broaching is a precision machining process. It is very efficient since
both roughing cuts and finishing cuts are made during a single pass of the broach tool to produce a
smooth surface, and further finishing is usually not necessary. Consequently, close tolerances can be
readily achieved at a reasonable cost for high rates of production.
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Broaches arexpensve multitoothed cutting toolS hus, the process is usually eysd for bw or
high production when broaching is the only practical method to produce the required dimensional
tolerance and stace qualiy. An example of the latter case is thevdtail slots in jet engine turbine disks.

Principle of Operation. Broaching is a machining process similar to plariagroach is essentially a
tapered bar into which teeth are cut, with fimshing teeth egaging last on the end with therder
diamete. A single broach has teeth for rough cutting, $erishing, and finishing. Broachingviolves
pushing or pulling a broach in a single pass through a hole or acrodae@e #s the broach wwves
along theworkpiece, cutting is gradual as each sudeeswoth engages theorkpiece, reraving a
small amount of material. v@rall machining forces are much greater than that of other machining
methods, and consequently broaching is considered to be thearesst af all machining operations.

Key System Component&roaching machines are egbrized as horizontal orertical, depending on
the direction of broach avel. Industry usage is almostenly dvided between thesavb caegories.
The selection of machine type dependaviie on the configuration of theorkpiece andwvailable space
in thefactory, considering both floor space awettical clearance requirements.

Broaches can be agorized by the method through whicteghare actuated (push or pull), by type
of cut (internal orexternal), and by the construction of the broachybé&igure 13.2.8depicts typical
internal andexternal broaching operation3able 13.2.11describes broaches according to their
construction.

Tool ,_____t__—l

X T \ Workpiece Workpiece

Tool

(L~

S

(a) )

FIGURE 13.28 Internal (a) andxternal (b) broaching. (Fro ASM Handbook, Machiningpl. 16, 9th ed.ASM
International, Metal®ark, OH, 1989, 195Vith permission.)

TABLE 13.2.11 Types of Boaches

Broaches Description Application

Solid One-piece broach produced from tapered bar stock; repaarts which require high dimensional acayra
of broken teeth is €ficult and concentricity

Shell Multipiece broach consisting of a main lypdn arbor Internal and selectegkternal broaching;
sectionover which a reravable shell fits, and a sacrifices some accusaand concentricity as

renovable shell containing the cutting edges; worn or the tool is not as dfias a solid broach
damaged sections can be replaced
Insert-type  Effectively a tool holder with inserts to perform the actualBroaching lage, flat surfaces
cutting; inserts are typically made from HSS or carbides;
worn or damaged inserts can be readily replaced
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Machine Tool and Machining Parameterdength and depth of cut have the most influence on deter-
mining the required broaching tool length. For internal cutting operations, as the cut length increases,
more chip storage capacity must be provided between the cutting edges for the same amount of tooth
advance. Cutting fluids are useful in preventing the work metal from adhering to the broach, and thus
result in higher-quality surface finishes and increased broach life.

The primary consideration in the selection of optimum broaching speed is the trade-off between speed
and wear rate. In general, steels are broached at 10 to 30 sfm (3 to 9 m/min); the harder the steel, the
slower the broach speed (ASM, 1989b).

Capabilities and Process LimitationsBroaching can maintain tight tolerances during long production
runs since metal-cutting operations are distributed among the different roughing and finishing teeth.
Also, broach teeth can be repeatedly sharpened, allowing cutting efficiency and accuracy to be
maintained.

Broaching is an extremely fast, precise machining operation. It is applicable to many workpiece
materials over a wide range of machinability, can be accomplished in seconds, is readily automated, and
can easily be done manually. For example, for low-carbon steels, tolerances of 0.002 in. (0.05 mm) can
be readily attained with a surface finish of 80. (1.55um); if desired, tighter tolerances and surface
finishes of 3Quin. (0.8um) are possible without much additional effort. For difficult-to-machine super-
alloys, tolerances of 0.001 in. (0.025 mm) and surface finishesuof 3®.8um) are commonly achieved
in production (ASM, 1989b).

Broaching is rarely used for removing large amounts of material since the power required would be
excessive. It is almost always more effective to use another machining method to remove the bulk of
material and use broaching for finishing.

Since a broach moves forward in a straight line, all surface elements along the broach line must be
parallel to the direction of travel. Consequently, the entire surface of a tapered hole cannot be broached.
Also, cutting is done sequentially with the finishing teeth engaging last. Therefore, a blind hole can be
broached only if a sufficiently long recess is provided to permit full travel of the broach.

The direction of travel of the broach cannot realistically be changed during a broaching stroke, except
for rotating the tool. Thus, surfaces having compound curves cannot be broached in a single operation.
On external surfaces, it is impossible to broach to a shoulder that is perpendicular to the direction of
broach movement.

Grinding
Trevor D. Howes, John Webster, and loan Marinescu

Description and Applications.Grinding, or abrasive machining, refers to processes for removing mate-
rial in the form of small chips by the mechanical action of irregularly shaped abrasive grains that are
held in place by a bonding material on a moving wheel or abrasive belt (Green, 1992). In surface-
finishing operations (e.g., lapping and honing) these grains are suspended in a slurry and then are
embedded in a roll-on or reference surface to form the cutting tool. Although the methods of abrasion
may vary, grinding and surface-finishing processes are used in manufacturing when the accuracy of
workpiece dimensions and surface requirements are stringent and the material is too hard for conventional
machining.

Grinding is also used in cutoff work and cleaning of rough surfaces, and some methods offer high
material-removal rates suitable for shaping, an area in which milling traditionally has been used.

Grinding is applied mainly in metalworking because abrasive grains are harder than any metal and
can shape the toughest of alloys. In addition, grinding wheels are available for machining plastics, glass,
ceramics, and stone. Conventional precision metal and ceramic components and ultraprecision electronic
and optical components are produced using grinding.

Mechanics of Grinding. Three types of energy are involved in grinding (Andrew et al., 1888)bing
energyis expended when the grains (cutting edges) of the grinding wheel wear down. As they wear,
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they cut less and produce increasing friction, which consuroesnbut renoves less materiaRlowing
enaggy is used when the abras does not reove all of the materiabut rather ppws some of it aside
plasticaly, leaving a grave behind Chip-formation enegy is consumed in reaving material from the
workpiece as the sharp alikesgrain cutsway the material (or chip) and pushes it ahead until the chip
leaves the wheel.

The grinding wheedxperiencesttritious wearas the abrége grains évelop wear flats from rubbing
on theworkpiece, or when grains break free from the bond matattatious wear gves rise to rubbing
enegy resulting from friction, and thus can lead to thermal damagevesr gonsumption increases
without an increase in material reval rate The wheel can wear throldracture, predominating at
relaively high in-feed rates. In this case, pieces of the alergsain break free arepose a aw, sharp
surface.

Materials can be classified as either easy to grindfbicudt to grind. For easy-to-grind materials,
most of the pwer consumption becomesvested in chip formation; thus, rubbing andwihg enegy
are minimal.Difficult-to-grind materias involve considerable rubbing andopling enegy since the
force required to repve chips is comparaely high.

Types of Grinding. In surface grindingthe grinding wheel &verses back and forth across therk-

piece. Grinding can k& place by using either the periphery or sat= of the wheeThe table holding
the part may also reciprocate. Bue grinding is done most commonly &t sufaces and staces
with shapes formed of parallel lines, e.g., slots.

Creep-feed grindings a form of suiace grinding in which the wheel feeds into therkpiece at a
low rate (0.4 to 40 in./min, 10 to 10@hm/min) while grinding at a fge depth of cut (0.04 to 0.4 in.,

1 to 10 mm, or deeperA large amount of material can be rerad with one pass of the wheel, compared
with conventional suface grinding in which the wheel kes may quick passesver theworkpiece at
slight depths of cutThis process is limited by ther¢gge amount of heat generated at the grinding arc
which can result in thermal damage (grindirgirh”). Application of coolant is critical in creep-feed
operations. CBN wheels, with their good heat transfer prgpesh also reduce theverity of burn
(King and Hahn, 1986).

Cylindrical grindingproduces roundiorkpieces, such as bearing rings, although some machines can
also grind tapered part§he workpiece is mounted to a spindle and rotates as the wheel griftis it
workpiece spindle has iwn diive motor so that the speed of rotation can be selected. Both inner
suffaces (internatylindrical grinding) and outergternalcylindrical grinding) can bevorked, although
usually the same machine cannot do both.

There are threeariants forexternal grinding

« Plain grinding— the wheel carriage is brought to tlwerkpiece on its spindle and in-feeds until
the desired dimensions are reached

« Traverse grindig — the rotatingworkpiece is mounted on a table that reciprocates under the
wheel; the grinding wheel is stationaeycept for its dwnward feed into thevorkpiece

« Plunge grindig— the table with the rotatingiorkpiece is loked while the wheel oves into
the workpiece until the desired dimensions are attained

Centerless grindings a form ofcylindrical grinding. In this methoevorkpieces are not held in a
centering chuclbut instead rotate freely between a suppegulating wheel, and the grinding wheel.
The force of the rotating grinding wheel holds therkpiece against the suppofthe supports are
usually stationary and sdlaw of lubricant is required to reduce friction betwe@rkpiece and support.
An example of centerless grinding isosm in Figure 13.2.9

Abrasive belt machirseuse a fxible fabric coated with an abiae stretched betweewd rollers,
one of which is dven by a moto Usualy, the abrase coating is aluminum oxide for steels and bronzes
and silicon carbide for hard or brittle materials. In the metal industries, common use of such machines
is for dry grinding of metaburrs and flash and polishing of fages. wever, somefabrics permit use
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support blade

FIGURE 13.29 Through-feed and plunge centerless grinding. (Courtesy. bf Howes, Joh Webste, and I.
Marinescu.)

of grinding fluids to enhance chip remal and povide cooling and lubrication, which results in better
cutting action and longer belt life.

Honing, lapping, and polishing use alivas to impove the accurey of the form of avorkpiece or
the suface finish byond the capabilities of grinding.

* Honing is a bw-suface-speed operation, usually performed on an intecylaiidrical suface
but possible also oexternal ones. Stock is rewved by the shearing action of akix@sgrains: a
simultaneous rotary and reciprocating motiorfieéd abraiwe in the form of a stone or stick.
Finishes range from under 1 t® Hin. (0.025 to 1.3um). The dvelopment of CBN has
revolutionized the honing process because this material easily outperfawestional abrases
such as aluminum oxide, lasting up to 100 times longe

« Superfinishinglike honing, usesxXed abraiwes in the form of a stone. Ukdi honing, which has

a helical motion inside a bore, sufieishing uses high-speed, axial reciprocation combined with

slow rotation of the outside diameter of thydindrical component being processé&tie geometry
produced by a pwious operation generally is not ingped.

« Lappingis a fine-finishing, abrage machining process used to obtain supédiish and dimen-
sional accurey. Lapping is unke other finishing processes because some of the\abiaose
rather than bonded. In general, lapping occurs wheniabrgsains in a liquidiehicle (called a
slurry) are guided acrosswarkpiece by means of a rotating plate.

¢ Polishinguses free abrag, as in lappinghut requires a soft support ukei the relavely hard

support used in lapping@he total depth of cut during polishing can be as little as nanometers

where chemical interactions will play a stronger role than mechanicdlysicgl interactions.

When the depth of cut is greater tiauin. (0.025um), the interactions are usually of a mechanical
nature. May industrial components, especially electronic and optical, required highly polished

surffaces.

Key System Component#\ grinding wheelconsists of thousands of small, hard grains of algas
material held on the siace in a matrix of bond materidlable 13.2.13. The bond material is matched
to the characteristics of the grain to retain the grafficgntly to maximize its use before shedding it.
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TABLE 13.2.12 Common Grinding Whed Abrasives

Abrasive Characteristic Grinding Application

Aluminum oxide Friable Steel: soft or hardened, plain or alloyed

Seedd gd aluminum oxide  More friable andexpengve than aluminum  Steel: soft or hardened, plain or alloyed; use
oxide at higher stock reoval rates

CBN Tough; increased life at higher speeds; highHardened steels; tough superalloys
accuray and finish

Synthetic diamond Hardest of all abrages; can be friable; Grinding hardened tool steels, cemented
seldom need dressing/truing carbides, ceramics, and glass; cutting and

slicing of silicon and germanium wafers
Silicon carbide Friable Cast iron; nonferrous metals; nonmetallics

The structure of the wheel formed by sfieciypes of grains and bonds determines its characteristics.
The grains are spaced apart depending on the cutting reqtidely spaced grains (open structure)
cut aggredsely, which is useful for hard materials or high rates of materiabvaimbut which tends

to produce coarse finishes. Closelykmtgrains (dense structure) kedine and precise cuts for finish
grinding.

Grain spacing is also important for temporary storage of chips of mater@algérfinom thevorkpiece.

An open structure is best for storing chips between the grains, which are then released after wheel
rotation nmoves the grainsway from theworkpiece An open structure also permits more coolant to
enter the spaces to dissipate heat.

The bonding material is important to grinding performafités material is weer than the cutting
grains so that ideall during grinding, the grain is shed from the wheefagig when it becomes dull,
exposing rew sharp graing-or instance, wheels with friable abirges that fracture texpose ®w, sharp
grains must retain the grains longer to maximize the use of the\vabrdeese wheels use stronger
bonding materialsThe four types of bond material are \figd, resinoid, rubbieand metalTable 13.2.13
shows their properties and uses.

TABLE 13.2.13 Characteristics of Grinding Wheel Bonds

Bond Type Characteristic Application
Rubbe Relatvely flexible Wet cut-df wheels; high-finish work;
regulating wheels for centerless grinding

Resinod (thermoplastic) Relatvely flexible Rough grinding; portable grinders

Vitrified (glasslike) Endure high temperatures; resist chemical Most widely used of all bonding materials
effects of coolants; sensie to impacts

Metd Electrodeposited nickel or sintered metal ~ Aggress$ve cutting operations such as creep-
powder often used to bond CBN and feed and deep grinding; electrically
diamond abrases; has long wheel life; conducive grinding (e.g., electrochemical
electrically condudte methods)

Grinding wheels must be resharpened on occaBi@ssing nhot dways required, sharpens the grains
before grinding.Truing operations ensure the wheel conforms to the required cutting shape and will
rotate concentrically to its spindle.

Because grinding wheelse relaively high mass and high operating speeéy thust k& precisely
balanced Imbalance causes vibrations that reduce the quality ofidhiepiece, hasten the wear of the
spindle and bearings of the machinieet other @vices mounted on the grindend possibly transmit
vibration from the grinder through the shfipor to other machines. Mounting of the wheel on the
spindle and subsequent wheel wear cagratie the balance of the rotating systé&theels are balanced
by moving counterweights on balancifignges. Some machineavh an automatic balancer that shifts
internal counterbalance masses.
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Coolantsare usually sprayed on the grinding zone to cool the wheel and workpiece, lubricate the
surface to reduce grinding power, and flush away the chips. Excessive heat can damage both the wheel
and workpiece by inducing undesirable physical changes in materials, such as metallurgical phase
changes or residual stresses, or softening of the bond material in the grinding wheel. Coolant application
is especially important in creep-feed grinding where the wheel-to-workpiece contact arc is long, heat
generation is high, and the chips produced and abrasive lost from the wheel must be flushed away.

Selecting the type afoolant systendepends on many factors, including the grinding wheel speed,
material removal rate, depth of cut, and wheel/workpiece materials. The type of fluids used in this system
requires consideration of both physical and environmental issues. Use of oil fluids can favor the formation
of preferred residual stress patterns and better surface finish, and these oils can be recycled for long
periods. However, oils present health risks, potential for groundwater contamination, and fire risks
(especially with high-sparking superalloys). Water-based fluids offer far fewer environmental problems.
Disadvantages of water-based fluids lie in their limited life expectancy of 3 to 12 months. Also, the
relatively low viscosity of a water-based fluid at high velocity promotes a dispersed jet which reduces
cooling capacity.

Capabilities and Process LimitationsSurface grinding can be a cheaper, faster, and more precise
method than milling and planing operations. For profiled shapes, the grinding wheel can be dressed with
less cost and inconvenience than changing milling setups for different parts. Grinding can be used as a
high-stock-removal process; for example, creep-feed grinding has a depth of cut more typical of milling
operations (0.1 in., 2.54 mm, and deeper). Creep-feed grinding is used for machining materials that are
too difficult to work by other machining methods.

High-speed grinding can be extremely efficient. CBN abrasive allows high rates of material removal
because CBN transfers heat away from the grinding zone due to its relatively high thermal conductivity,
and CBN does not react with steel.

Considerable effort has been expended on modeling and testing the thermal limitations of grinding
(Malkin, 1989). Nearly all models depend on a fundamental model which depends on sliding contact
theory. All models confirm the following guidelines for grinding with conventional abrasives when burn
is a limitation: decrease wheel speed, increase workpiece speed, use softer-grade wheels.

Grinding operations can be limited by two types of vibration:

« Forced vibration.Typical causes are out-of-balance wheels, nonuniform wheels, couplings, belts,
noise from hydraulic systems, bearing noise, and forces transmitted from the floor to the grinding
machine.

 Self-excited vibrationTypical causes are wheel wear, workpiece surface error regeneration, wheel
loading, and wear flats. Typical solutions include softer grinding wheels, flexible (for dampening)
wheel structures, and stiffer machine structures.

References

Altan, T., Oh, S.I.,, and Gegel, H. 1988letal Forming — Fundamentals and ApplicatiodSM
International, Metals Park, OH.

Andrew, C., Howes, T.D., and Pearce, T.R.A. 198%®ep Feed Grinding;lolt, Rinehart, and Winston,
London.

ASM. 1989a. Turning, iMachining, ASM Handbookpl. 16, 9th ed., ASM International, Metals Park,
OH, 142-149.

ASM. 1989b.Machining, ASM Handboogkol. 16, 9th ed., ASM International, Metals Park, OH.

Bakerjian, R., Ed. 1992Design for ManufacturabilityMol. VI, Tool and Manufacturing Engineers
Handbook 4th ed., Society of Manufacturing Engineers, Dearborn, MI.

DeVries, W.R. 1991Analysis of Material Removal Process8gringer-Verlag, New York.

Green, R.E., Ed. 199R®achinery’s Handbook24th ed., Industrial Press, New York.

© 1999 by CRC Press LLC



Modern Manufacturing 13-29

Kalpakjian, S. 1991Manufacturing Processes for Engineering Materigisidison-Wesley, Reading,
MA.

Kalpakjian, S. 1992Manufacturing Engineering and Technologyldison-Wesley, Reading, MA.

King, R.l. and Hahn, R.S., Eds. 198tandbook of Modern Grinding Technolog@hapman and Hall,
New York.

Komanduri, R. and Samanta, S.K. 1989. Ceramic$/achining, ASM Handbook/ol. 16, 9th ed.,
ASM International, Metals Park, OH, 98-104.

Malkin, S. 1989 Grinding Technology — Theory and Applications of Machining with Abrasioés)
Wiley, New York.

Shaw, M.C. 1984Metal Cutting PrinciplesOxford Science Publications. New York.

Welboum, D. 1970Machine-Tool DynamicsCambridge University Press, New York.

Nontraditional Machining

K. P. Rajurkar and W. M. Wang

The processes described below are representative of the types most likely to be encountered. The
references listed at the end of the section contain detailed information on these processes, plus those
that are not described here.

Electrical Discharge Machining (EDM)

Description and Applications.The EDM process machines hard materials into complicated shapes with
accurate dimensions. EDM requires an electrically conductive workpiece. Process performance is unaf-
fected by the hardness, toughness, and strength of the material. However, process performance is a
function of the melting temperature and thermal conductivity. EDM is currently widely used in aerospace,
machinery, and die and mold industries.

There are two types of EDM processes:

« Die-sinking EDM uses a preshaped tool electrode to generate an inverted image of the tool on
the workpiece; commonly used to generate complex-shaped cavities and to drill holes in different
geometric shapes and sizes on hard and high-strength materials.

« Wire EDM (WEDM) uses a metal wire as the tool electrode; it can generate two- or three-
dimensional shapes on the workpiece for making punch dies and other mechanical parts.

Principle of Operation. EDM removes workpiece materials by harnessing thermal energy produced by
pulsed spark discharges across a gap between tool and workpiece. A spark discharge generates a very
small plasma channel having a high energy density and a very high temperature (up ttC) @00

melts and evaporates a small amount of workpiece material. The spark discharges always occur at the
highest electrical potential point that moves randomly over the machining gap during machining. With
continuous discrete spark discharges, the workpiece material is uniformly removed around the tool
electrode. The gap size in EDM is in the range ofi4A0to 0.02 in. (0.01 to 0.5 mm), and is determined

by the pulse peak voltage, the peak discharge current, and the type of dielectric fluid.

EDM Power System.The discharge energy during EDM is provided by a direct current pulse power
generator. The EDM power system can be classified into RC, LC, RLC, and transistorized types. The
transistorized EDM power systems provide square waveform pulses with the pulse on-time usually
ranging from 1 to 2000 msec, peak voltage ranging from 40 to 400V, and peak discharge current ranging
from 0.5 to 500 A. With the RC, LC, or RLC type power system, the discharge energy comes from a
capacitor that is connected in parallel with the machining gap. As a result of the low impedance of
plasma channel, the discharge duration is very short (less than 5 msec), and the discharge current is very
high, up to 1000 A. The peak voltage is in the same range of transistorized power systems.

The transistorized power systems are usually used in die-sinking EDM operations because of their
lower tool wear. Capacitive power systems are used for small hole drilling, machining of advanced
materials, and micro-EDM because of higher material removal rate and better process stability. WEDM
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power generator usually is a transistor-controlled capacitive power system that reduces the wire rupture
risk. In this power system, the discharge frequency can be controlled by adjusting the on-time and off-
time of the transistors that control the charging pulse for the capacitor connected in parallel with the
machining gap.

Key System Component3he machining gap between tool and workpiece during EDM must be sub-
merged in an electrically nonconductitelectric fluid In die-sinking EDM, kerosene is often used as

a dielectric fluid because it provides lower tool wear, higher accuracy, and better surface quality.
Deionized water is always used as a dielectric fluid in WEDM to provide a larger gap size and lower
wire temperature in order to reduce the wire rupture risk. This fluid also serves to flush debris from the
gap and thus helps maintain surface quality.

Copper and graphite are commonly used as die-sirkiDiyl tool materialsbecause of the high
electrical conductivity and high melting temperature and the ease of being fabricated into complicated
shapes. The wire electrode for WEDM is usually made of copper, brass, or molybdenum in a diameter
ranging from 0.01 to 0.5 mm. Stratified copper wire coated with zinc brass with diameter of 0.25 mm
is often used.

In the traditional diesinking EDM procesghe tool is fabricated into a required shape and mounted
on a ram that moves vertically. The spark discharges can only occur under a particular gap size that
determines the strength of electric field to break down the dielectric. A servo control mechanism is
equipped to monitor the gap voltage and to drive the machine ram moving up or down to obtain a
dischargeable gap size and maintain continuous sparking. Because the average gap voltage is approxi-
mately proportional to the gap size, the servo system controls the ram position to keep the average gap
voltage as close as possible to a preset voltage, known as the servo reference voltage.

In a WED machine, the wire electrode is held vertically by two wire guides located separately above
and beneath the workpiece, with the wire traveling longitudinally during machining. The workpiece is
usually mounted on axry table. The trajectory of the relative movement between wire and workpiece
in the x-y coordinate space is controlled by a CNC servo system according to a preprogrammed cutting
passage. The CNC servo system also adjusts the machining gap size in real time, similar to the die-
sinking EDM operation. The dielectric fluid is sprayed from above and beneath the workpiece into the
machining gap with two nozzles.

The power generators in WED machines usually are transistor-controlled RC or RLC systems that
provide higher machining rate and larger gap size to reduce wire rupture risks. In some WED machines,
the machining gap is submerged into the dielectric fluid to avoid wire vibration to obtain a better accuracy.
The upper wire guide is also controlled by the CNC system in many WED machines. During machining,
the upper wire guide and thleytable simultaneously move along their own preprogrammed trajectories
to produce a taper and/or twist surface on the workpiece.

Machining Parameters.The polarity of tool and workpiece in EDM is determined in accordance with

the machining parameters. When the discharge duration is less thaac2nore material is removed

on the anode than that on the cathode. However, if the discharge duration is longerjtbac, 8e
material-removal rate on the cathode is higher than that on the anode. Therefore, with a transistorized
power system, if the pulse on-time is longer tharu$r, the tool is connected as anode and the
workpiece is connected as cathode. When the on-time is less than alpset2the polarity must be
reversed. With an RC, LC, or RLC power system, since the discharge duration is always shorter than
20 pusec, the reversed polarity is used.

With transistorized EDM power systems, the machining rate and surface finish are primarily influenced
by the peak current. The machining rate increases with the peak current. The relationship between the
machining rate and pulse on-time is nonlinear, and an optimal pulse on-time exists. Reducing peak
current improves the surface finish, but decreases the machining rate.

Capabilities and Process LimitationsDie-sinking ED machines with transistorized power systems
under good gap-flushing conditions can attain a material-removal rate as high ag/rhvamp (for
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a steel workpiece). The wire cut EDM process can cut ferrous materials at a rate over?tHibndm
surface roughness value of 0.01 in. (0.2 mm) can be obtained with a very low discharge current. The
tool wear ratio can be controlled within 1% during rough machining and semifinishing with the transis-
torized power generator. Dimensional toleranceldf8 pin. (3 um) and taper accuracy of 20 to did.

(0.5 to 1pum/mm) with both die-sinking and WEDM can be obtained.

EDM can machine materials having electrical conductivity of ¥&* cnm* or higher. An average
current density more than 4 A/értends to cause substantial tool wear and unstable machining, and
may lead to dielectric fire. This factor largely limits the productivity of EDM. During machining a deep
cavity using die-sinking EDM under difficult flush condition, arc discharges occur, and the resultant
thermal damage on workpiece substantially limits the productivity and the machined surface quality.
Dielectric properties also impose additional constraints.

Electrical Chemical Machining (ECM)

Description and Applications.The ECM process uses the electrochemical anodic dissolution effect to
remove workpiece material. Like die-sinking EDM, the tool electrode of ECM is preshaped according
to the requirements of the workpiece. During machining, the inverted shape of the tool is gradually
generated on the workpiece. ECM machines complex contours, irregular shapes, slots, and small, deep,
and/or noncircular holes. Typical applications of ECM include machining nickel-based superalloy turbine
blade dovetails, slots in superalloy turbine disks, engine castings, gun barrel rifles, and forging dies.
ECM is also used for deburring, surface etching, and marking.

Principle of Operation. Electrolyte fluid is forced through the gap between tool and workpiece during
ECM. A low-voltage and high-current DC power system supplies the machining energy to the gap. The
tool electrode of ECM must be connected as cathode and the workpiece must be connected as anode.
The electrochemical anodic dissolution phenomenon dissolves workpiece surface material into metal
ions. The electrolyte fluid flushes the metal ions and removes heat energy generated by the deplating
actions. The gap size in ECM is in the range of 0.004 to 0.04 in. (0.1 to 1 mm). ECM process performance
is independent of the strength, hardness, and thermal behavior of workpiece and tool materials.

Key System Component£opper, brass, stainless steel, and titanium are commonly uE€&ivatol

electrode materialslue to their good electrical conductivity, resistance to chemical erosion, and ease of
being machined into desired shapes. The geometric dimensions of the machined surface generated by
ECM depend on the shape of tool and the gap size distribution.

The structure of an EC machine varies with the specific applications. An ECM must have a tool feed
system to maintain the machining gap, a power system to supply the power energy, and a fluid-circulating
system to supply the electrolyte and to flush the machining gap. The power system used in ECM is a
DC power source with the voltage ranging from 8 to 30 V and a high current in the range of 50 to
50,000 A, depending on the specific design of the power system.

The electrolyteis the medium enabling the reaction of electrochemical dissolution occurring on the
anode. The electrolyte can be classified into categories of aqueous and nonaqueous, organic and nonor-
ganic, alkaline and neutral, mixed and nonmixed, and passivating and nonpassivating, and acidic. The
electrolyte is selected according to the type of workpiece material, the desired accuracy, surface finish
requirements, and the machining rate. Neutral salts are used in most cases. Acid electrolytes are used
only for small hole drilling when the reaction products must be dissolved in the electrolyte.

Machining Parameters.ECM performance is mainly influenced by electrical parameters, electrolyte,
and geometry of tool and workpiece. The electrical parameters include machining current, current density,
and voltage. ECM systems with 50 to 50,000 A and 5 to 30 V DC are available, and the current density
can be in the range of 10 to 500 AfcrKey electrolyte parameters consist of flow rate, pressure,
temperature, and concentration. Important parameters of tool and workpiece geometry are contour
gradient, radii, flow path, and flow cross section. When the tool feed rate equals the machining rate, an
equilibrium gap size is obtained; this is critical to maintaining shaping accuracy.
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The electrolyte selection also plays an important role in ECM dimension control. In this regard, the
sodium nitrate solution is preferable because the metal-removal rate at smaller gap size locations is
higher than at other places. Therefore, the characteristics of current efficiency in ECM influence the
uniformity of the gap size distribution. ECM accuracy has recently been shown to improve with pulsed
voltage (instead of continuous voltage) and an appropriate set of pulse parameters (on-time, off-time,
etc.).

Capabilities and Process LimitationsECM is capable of machining any electrically conductive metal-

lic material, and the process is generally unaffected by the hardness, strength, and thermal behaviors of
materials. This process can be used to machine parts with low rigidity such as parts with thin walls.
Machining rates of 2 to 2.5 &min/1000 A current, surface roughness of 4 tqub0 (0.1 to 1.2um),

and accuracy of 40Qin. to 0.01 in. (10 to 30@Am) can be achieved with ECM. The available ECM
equipment can machine a 0.04 to 80 in. (1 to 2000 mm) long workpiece. The typical energy consumption
is 300 to 600 J/men

The machining rate and surface finish with ECM are much higher than that with EDM due to higher
allowable current density and the molecular level of material removal. The machining accuracy, however,
is substantially lower than EDM and is much more difficult to control.

The gap size distribution is influenced by many factors including the type of electrolyte, electrolyte
flow rate and flow pattern, electrolyte temperature, current density of machining, etc. Therefore, the gap
size distribution is not uniform in most cases and is difficult to determine analytically. The shape of
machined surface by ECM will not be a perfect mirror image of the tool electrode. In order to achieve
an acceptable accuracy, the tool shape must be modified by using trial-and-error method in test machining
before machining of actual workpieces.

ECM cannot machine materials with electrical conductivity less th&n\tb cmr’. ECM cannot
produce very sharp corners (less than 800, 0.02 mm, radius). The machining rate is limited by the
electrolytic pressure (less than 5 MPa) and boiling point as well as the applied current (less than
50,000 A). The gap size which determines the final shape and accuracy is limiteduio.8600.004
in. (0.02 to 0.1 mm).

ECM generates a large amount of sludge and spent electrolyte. This waste requires significant
processing before it can be safely disposed of.

Water and Abrasive Jet Machining

Description and Application. Water jet machinifMyJM) andabrasive water jet machiningAWJM)

are used in many applications. In the WJM process, relatively soft workpiece materials are cut by a
high-velocity water jet; e.g., food, wood, paper, plastic, cloth, rubber, etc. The AWJM process uses the
fine abrasive particles mixed in the water jet to machine harder workpiece materials. The AWJM is used
for drilling, contour cutting, milling, and deburring operations on metal workpieces, as well as for
producing cavities with controlled depths using multipass and non-through-cutting methods. The cutting
path of the WJM and AWJM can be controlled by a CNC system according to a preprogrammed program.

Principle of Operation and Machine Structure®uring WJM, the workpiece material is removed by

the mechanical energy generated by the impact of a high-velocity water jet. In a water jet machine, a
high-pressure pumping system increases the pressure of water in the pipe system, and the pressurized
water is sprayed from a nozzle with a small diameter to generate a high-velocity water jet.

In the AWJIM process, pressurized water is sprayed from an orifice in the nozzle body into a mixing
chamber to generate a negative pressure that absorbs the abrasive particles (supplied by an abrasive feed
hose) into the water jet. The water jet/abrasive grain mixture is then sprayed through a tungsten carbide
nozzle. The abrasive grains in the high-velocity water jet provide small cutting edges that remove
material. The relative distance between water jet nozzle and workpiece is controlled by a two- or three-
dimensional CNC system. This process can be used to generate a complicated shape.
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Process Parameters and LimitationI.he key parameters are the water and/or abrasive flow velocity,
abrasive grain size, and mixing tube (nozzle) length and diameter. The typical water flow velocity is in
the range of 2000 to 3000 ft/sec (600 to 900 m/sec) as determined by the water pressure. The water
pressure in WIM and AWJM is very high, up to 2. IC psi (400 MPa), and the nozzle diameter is in
the range of 0.003 to 0.08 in. (0.8 to 2 mm). The abrasive flow rate is governed by the water flow rate
and the mixing density, and can be controlled up to 10 g/sec. Abrasive particles are usually in the range
of 60 to 150 mesh size. Increasing water jet flow velocity increases cutting depth. The taper error of
cutting is determined by the traverse rate that describes the ratio between the material removal and the
cutting depth and width. This parameter is influenced by the water and abrasive velocity and cutting
speed. Proper selection of AWJ parameters is essential for the elimination of burrs, delaminations, and
cracks.

Limitations of the process include stray cutting and surface waviness, high equipment costs, hazard
from the rebounding abrasive, high noise levels, and short nozzle lifetimes due to wear and abrasion.

Ultrasonic Machining

Description and Applications. Ultrasonic machinifigSM) is a process that uses the high velocity

and alternating impact of abrasive particles on the workpiece to remove material. The abrasive particles
are mixed in a slurry that fills the machining gap between the tool and workpiece. The alternating
movement of abrasive particles is driven by the vibration of the frontal surface of tool at an ultrasonic
frequency. The ultrasonic machining process can machine hard and brittle materials.

USM is often used for machining of cavities and drilling of holes on hard and brittle materials including
hardened steels, glasses, ceramics, etc. Rotary ultrasonic machining (RUM) is a new application that
uses a diamond grinding wheel as the tool for drilling, milling, and threading operations. During RUM,
the tool is rotating at a high speed up to 5000 rpm and vibrating axially at ultrasonic frequency. This
process is able to drill holes with diameter from 0.02 to 1.6 in. (0.5 to 40 mm) at depths up to 12 in.
(300 mm). The material removal rate of 6 #fsac can be obtained with the RUM process. The tolerance
of £300uin. (x0.007 mm) can be easily achieved with both conventional and rotary ultrasonic processes.

Principle of Operation. In the USM process, the machining gap between tool and workpiece is filled
with an abrasive slurry composed of an oil mixed with abrasive particles, with the frontal surface of the
tool vibrating at ultrasonic frequency to provide the machining energy. The inverted shape of the tool
is gradually generated on the workpiece. Material removal by the USM process is very complex. When
the machining gap is small, the material may be removed as the frontal surface of the tool moves toward
the workpiece, hitting an abrasive particle that impacts the workpiece surface. Material can also be
removed by the impact of the abrasive particles when the machining gap is relatively large. In this case,
the abrasive particles are accelerated by the pressure of slurry due to the ultrasonic vibration of the
frontal surface of the tool. Also, ultrasonic-induced alternating pressure and cavitation in the slurry assist
material removal.

Key System Component3.he ultrasonic vibration in USM is generated byudtnasonic generator
The ultrasonic generator consists of a signal generator, a transducer, and a concentrator. The signal
generator produces an electrical signal whose voltage and/or current is changing at an ultrasonic fre-
guency to drive the transducer. The frequency of the electrical signal can be adjusted in the range of 10
to 40 kHz.

The transducer converts the electrical voltage or current into the mechanical vibration. Two types of
transducers are commonly used in USM: magnetostrictive and piezoelectric.

« Themagnetostrictive transduceras extensively used prior to 1970. This transducer is constructed
by surrounding a number of sheets of magnetostrictive material with a coil. When the strength
of the electric current in the coil changes at an ultrasonic frequency, a mechanical ultrasonic
vibration is generated in the magnetostrictive material. This transducer has a low energy conversion
efficiency, usually less than 30%.
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« Thepiezoelectric ultrasonic transduces commonly used today. The geometrical dimensions of
this transducer vary with the change in the applied electric field. A mechanical ultrasonic vibration
is generated when the strength of the electric voltage applied across the transducer material
changes at an ultrasonic frequency. This transducer has an extremely high energy conversion
efficiency, up to 95%. The amplitude of the ultrasonic vibration generated directly by the trans-
ducer is very small, about 4@th. (0.01 mm). A concentrator is used for amplifying the amplitude
into a level that is acceptable for USM. The transducer is mounted on the larger end of the
concentrator; the tool is mounted on the smaller end.

In the ultrasonic machine, the ultrasonic generator is held vertically on the ram that moves vertically,
and the workpiece is mounted on sy table that determines the relative position between tool and
workpiece. During machining, a force providing pressure between the tool and workpiece is added
through the ram mechanism.

Process Parameters and Limitationg.he material-removal rate during USM increases with an increase
in the amplitude of ultrasonic vibration, grain size of the abrasive particles, and pressure between the
tool and workpiece. The surface finish is essentially determined by the grain size for a given workpiece
material; i.e., the smaller the grain size, the better surface finish. The abrasive grains used in USM are
usually in the range of 100 to 900 mesh number.

The USM process is limited by the softness of the material. Workpiece materials softer than Rockwell
C40 result in prohibitively long cycles. The best machining rate can be obtained on materials harder
than Rockwell C60.
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Phase-Change Processes

Phase-change processes produce parts from materials originally in the liquid or vapor phase. These
include processes such as metal casting and injection molding of polymers. The two most commonly
used metal-casting processes are described below. The references listed at the end of the section contain
detailed information on all phase-change unit processes.

Advantages and Applications of Metal Casting

Metal casting is one of the primary methods of producing bulk shapes. Very complex shapes can be cast
from nearly every metal, making casting an extremely versatile process. Castings are made in sizes that
range from fractions of an ounce to hundreds of tons.

The selection of the best molding and casting process for an application can be complex, and is
governed by many factors which include casting size, variation in thickness of the casting sections,
required mold strength, required surface finish and dimensional accuracy, production rates, environmental
factors (e.g., reclamation of the sand and type of sand binder), and cost. Casting processes can be
considered to fall into five categories (Kanicki, 1988):

¢ Conventional molding processes — green sand, shell, flaskless

¢ Precision molding and casting processes — investment, permanent mold, die casting

¢ Special molding and casting processes — vacuum molding, evaporative pattern casting, centrif-
ugal casting
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¢ Chemically bonded self-setting sand motglir no-b&e, sodium silicate

 Innovative molding and casting processe unbonded sand moldingdtz and Rivonka, 1988),
rheocasting, squeeze casting, electroslag casting

This section discusses the most widely useaveational molding process, green sand, and the most
widely used precision molding and casting proces®siment castingrhe reference list at the end of
the section should be consulted for detailed information on all casting processes.

Casting Defects and Design Considerations

Properly designed and mdaatured castings pvide may advantages, and are compefit with other

unit process methods. Success with casting processes, asemtiprocess, requires design and process
engineers kowledgeableegarding the adhntages and limitations of casting processes so that appropriate
design and process choices can be madeatbat or minimize the occurrence of defects.

Table 13.2.14summarizes the most common defects that occur during casting and suggests design
and process changes that eaoid or reduce thefect of the defects. dlvever, the suggested migtion
strakgies may introduce fferent casting defects or tleolution of other problems, so each change
should be carefullgvaluated with egard to the system as a whole.

Green Sand Casting Processes

Description anl Applications. Sand-mold casting is adaptable toesty wide range of abys, shapes,

sizes, and production quantities. Hell shapes can be produced in these castings through the use of
cores. Sand-mold casting is Bgr the most common casting process used in industry; some estimates
are that as my as 90% of industrial castings use the sand-mold casting process (O’Valara$88).

Green sand molding is currently the most widely used of all sand casting methods, although dry sand
methods are preferred feery lage castings. “Green” sand refers to fhet thatwater is added to
acivate the clay bindeln dry sand molding, the moisture is mmd prior to casting.

Green sand-mold castingvblves mixing sand with a suitable clay binder (usually a bentonite clay)
and other addites, and packing the sand mixture tightly around a pattern that is constructed from the
part designbut the pattern is not axact replica of the part sinsrious dimensional avances must
be made to accommodate certahygical dfects After extracting the pattern from the sand mold, a
cavity is left behind that corresponds to the shape of the pattext,. iNolten metal is poured into this
cavity and solidifies into a cast replica of the desired.gter the casting cools, the sand is readily
removed from the casting and may be reclaimed for further use.

Key System Component# mold patternis constructed from the casting design with suitable finodi
cations. Depending on the coreypty of the part, CAD/CAM programs are able to design patterns that
requirevery little adjustment to achie desired solidification control and dimensional acguima the
resulting casting (Berry and P&h| 1988) The computation is comg! and cannot be easily done for
compkx shapesThe principal adjustments that must be made to translate a part design to a mold design
result from may considerations (ASM, 1988). One needs to

« Compensate for shrinkage of the sand during the drying/curing operations

« Compensate foexpansion of the sand caused by the rapid introduction of the molten metal into
the mold

« Compensate for contraction of the liquid metal during freezing

¢ Allow easyextraction of the pattern from the padd sand through a taper on thertical sides
of the pattern

« Add a gating netork to alow molten metal to smoothliffow into the evity

« Add risers (including size), as requiredkiey locations to continue feeding molten metal into
the solidifying casting

« Add provisions for core prints, as required, to anchor cores that produce intaritiglscwhich
could not be directly molded from the pattern

© 1999 by CRC Press LLC



13-36 Section 13

TABLE 13.2.14 Typical Casting Defects and Mitigation Strategy

Casting Defect Description and Cause Mitigation Strategy
Cold shuts Appear as folds in the metal — occurs when tw&our as quickly as possible
streams of cold molten metal meet and do not Design gating system to fill entire mold
completely weld quickly without an interruption
Possible causes: Preheat the mold
« Interruption in the pouring operation Modify part design
« Too slow a pouring rate Avoid excessively long thin sections

« Improperly design gating
Hot tears and cracks  Hot tears are cracklike defects that occur duringill mold as quickly as possible
solidification due to overstressing of the Change gating system; e.g., use several
solidifying metal as thermal gradients develop  smaller gates in place of one large gate
Cracks occur during the cooldown of the casting Apply thermal management techniques
after solidification is complete due to uneven within the mold (e.qg., chills or exothermic
contraction material) to control solidification direction
and rate
Insulate the mold to reduce its cooling rate
Modify casting design:
« Avoid sharp transitions between thin and
thick sections
« Taper thin sections to facilitate
establishment of appropriate solidification
gradients
« Strengthen the weak section with
additional material, ribs, etc.

Inclusions Presence of foreign material in the microstructur&odify gating system to include a strainer
of the casting core to filter out slag
Typical sources: Avoid metal flow turbulence in the gating
« Furnace slag system that could cause erosion of the mold
* Mold and core material Improve hardness of the mold and core
Misruns Incomplete filling of the mold cavity Control mold and metal temperature
Causes: Increase the pouring rate
« Too low a pouring temperature Increase the pouring pressure
« Too slow a pouring rate Modify gating system to direct metal to
* Too low a mold temperature thinner and difficult-to-feed sections

« High backpressure from gases combined with low quicker
mold permeability
 Inadequate gating
Porosity Holes in the cast material Pour metal at lowest possible temperature
Causes: Design gating system for rapid but uniform
« Dissolved or entrained gases in the liquid metal filling of the mold, providing an escape
« Gas generation resulting from a reaction betweenpath for any gas that is generated

molten metal and the mold material Select a mold material with higher gas
permeability
Microshrinkage Liquid metal does not fill all the dendritic Control direction of solidification
interstices, causing the appearance of « Design gating system to fill mold cavity so
solidification micro-shrinkage that solidification begins at the extremities

and progresses toward the feed gate

« Lower the mold temperature and increase
the pouring temperature

« Add risers, use exothermic toppings to
maintain temperature longer

« Control cooling rate using chills,
insulators, etc. in selected portions of the
mold
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There are basically three types of molding methods which aggocaed by the resulting hardness
or density of the sand mold (O’Mearbat, 1988; Bown, 1988):

L ow-density molding

« Hand-rammingis the oldest, slvest, and mosvariable method for packing sand around the
pattern. It is rarely used for productidoyt can be empyed for prototypes owery limited
production runs.

« Jolt machines operate with the pattern mounted on a table which is attached to the top of an air
piston Typically, a flask is placed on the table with the pattern centered iiaie@vity. The
flask is filled with sand. Compressed air lifts the piston, and then the air is releasddgéthe
entire assembly téall with a sharp joltThe sequence can be repeaffie sand is compacted
by its own weight and is densest at the pattern plate.

« Jolt-squeezenolding machines empf the same pattern equipment as the jolt machineafter
the jolting operation, the sand is squeezetilyaulic pressure to impve the packing uniformity
in the mold.

Medium-density molding
« Rap-jolt machineare impovedversions of thedw-pressure machines, capablescdrting higher
pressure to compact the sand.
¢ Sand slingerslirect sand into a mold from a rotating impel&and-packing density is a function
of the centrifigal velocity of the impelle This method is particularly useful forrgge molds.

High-pressue molding

» Pressue wavemethods atiw the sand to gwity fill the mold. Then, the top of the mold is sealed
and a high-pressuneave is created by a controlleztplosion of a corbustible gas or by the
rapid release of air pressure.

¢ Horizontal flaskless moldinutilizes a pattern carrier to support the top half (cope) and bottom
half (drag) of the mold patterithe cope and drag are spaced apart in the gaarid the space
is evacuatedThe molding setup is depicted Figure 13.2.10 Vents in the pattern cause sand to
be dawn into the moldWhen the mold is filled, it is tightly squeezed.

FIGURE 13.2.10 High-pressuresacuum-fill squeeze machine. (fréASM Handbook, Machininyol. 15, 9th ed.,
ASM International, Metal®ark, OH, 1989, 343With permission.)

The details of thenetal pouringoperationvary quite a bit depending on the metal, the material
specification, the furnace type, and the foundry layAuladling method using gwity pressure is
commonly used to transfer the molten metal, which may bgeal] degassed, etc. immediately before
it is dischaged into the poring basin that feeds ga¢ing system of the castings.
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A gating systermust allow complete fill of a mold cavity without causing flow turbulence that can
entrap loose sand or slag and feed shrinkage as the liquid metal within the mold cools. The gating system
should be designed to promote progressive solidification from the point most distant from the gate toward
the gate.

A riser is a reservoir of molten metal that is attached to the casting. It feeds the voids that develop
within the casting as the liquid metal cools and begins to solidify. A thin skin of frozen metal first forms
in a shell around the outer part of the mold cavity immediately after the metal is poured. This rigid shell
serves as a mold for the remainder of the casting. The volume lost by the shrinkage of the metal as it
solidifies within this shell must be replaced from a liquid metal source, such as a riser or a feeding gate,
to prevent internal porosity. Risers are subsequently removed from the casting.

Management of thermal gradients within the solidifying casting is essential to minimize shrinkage.
The solidification of risers can be slowed by the use @xathermic materiaplaced on top of a riser.

The heat generated by this material can allow the riser to continue to feed the casting until it is solidified.
Chills can be used to reduce the local temperature at the mold-casting interface, and thus accelerate
freezing in selected locations, thereby establishing the solidification direction. Chills are usually metal
inserts strategically placed in the mold. The mold can alsosuatedto reduce the overall cooling

rate of the casting if necessary to reduce residual stresses, but the metallurgical effect must be carefully
considered.

In most caseslectric furnacesre used for melting, armEburing is nonpressurized.

Influence of Process on Part DesigRroperly designed gating systems and risers should produce com-
pletely solid castings. A number of design rules for the gating and risering system have been developed
for casting various metals to achieve continuous feeding of the solidifying casting. These rules are
embedded in computer programs that aid design of casting molds and layouts.

It may be less expensive and easier to change the design than to develop a complex thermal manage-
ment system within the mold. Typical design changes to evaluate include

« Thickening thin sections that feed heavier, more remote sections
« Reducing the mass of the remote thick section
< Adding a riser to feed separately the remote thick section

Process Limitations.Each production step contributesdionensional variationsn a sand casting. For
instance, dimensions are affected by the sand-packing density, by the process of withdrawing the pattern
from the sand, by the moisture content of the sand, and by both the temperature of the molten metal
and the speed with which it enters the mold cavity. The result is that sand casting is not inherently a
precision process.

The surface finishes of sand castings are controllable only within rather wide limits (ASM, 1988).
Normally, the maximum allowable surface roughness is specified, and any smoother surface is acceptable.
For instance, casting steel in green sand can have a surface roughness varying from 50fito 2000
(12 to 50um), and aluminum from 125 to 7%n. (3 to 20um). These values can be improved in
certain instances through the application of coatings on the sand mold.

Porosity cannot be prevented in all cases. Changes to the part design and postcasting processing, such
as hot isostatic pressing (HIP), should be considered.

Investment Casting

Description and Applications.Investment castings are noted for their ability to reproduce extremely
fine details and conform to very tight tolerances. As a result, these castings are used in critical, demanding
structural applications, such as superalloy turbine airfoils and works of art.

The investment casting process employs a mold produced by enclosing an expendable pattern with a
refractory slurry that is then hardened. The pattern, usually made from wax or plastic, is subsequently
removed (e.g., by melting, dissolving, or burning), creating the desired mold cavity. The expendable
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patterns are themselves cast in a permanent pattern die. Ceramic cores can create internal passages within
the casting.

Key System Component§hell investment and solid investment processes are used in the production
of investment castings (Horton, 1988). The two processes differ in the method of mold preparation, not
in pattern preparation or pattern assembly. Inghell investment procesthe pattern assembly is
precoated, dipped in a coating slurry, and covered with granulated refractory until the shell is built up
to desired thickness, usually less than 0.5 inpffn); the thickness depends on the casting size and
weight, cluster size, and type of ceramic and binder. As thin a shell as possible is specified to maximize
mold permeability. Ceramic shell molds are used for the investment casting of carbon and alloy steels,
stainless steels, heat-resistant alloys, and other alloys with melting points above (AMIDF).

The ceramic materialused in shell investments is often silica, zircon (zirconium orthosilicate), an
aluminum silicate, or alumina (Horton, 1988ljlica glass(fused silica) is desirable because it is readily
available, but it has a high coefficient of thermal expansion and an abrupt phase transition, and it cannot
be used in vacuum casting because the silica decomposes at low vapor pressures, leading to severe
metal-mold reactiorZircon is readily available, is resistant to wetting by molten metal, and has a high
refractoriness. Its use is limited to prime coats though, because it is not available in large grain sizes.
Aluminum silicatessuch as mullite, can be manufactured to a range of pellet sizes and over a range of
compositionsAluminais more refractory than silica or mullite and is not very reactive with many metals.

The bindersmost often employed in shell investments are colloidal silica, ethyl silicate, and sodium
silicate.Colloidal silicais an excellent general-purpose binder, and is the most widely used binder. Its
primary disadvantage is that it is slow to dBghyl silicate produces a bond between the refractory
material that is very similar to that of colloidal silica. It dries much faster, but poses a fire hazard and
is more expensive. Liquigodium silicateforms a strong, glassy bond. The material is inexpensive but
its refractoriness is poor, and the bond deteriorates in the presence of steam used to remove the wax
pattern.

In the solid investment procesthe pattern assembly is placed in a flask, which is filled with a
refractory mold slurry. This slurry hardens in air, forming a solid mass in which the pattern assembly
is encased. The types of bonding materials and refractories differ depending on the pouring temperature
of the metal. For nonferrous alloys, pouring temperature is usually beloWR2Q0D0CC). In these
casesalpha gypsumnis commonly used as both the refractory and the binder, with other refractories
such as silica added to improve mold permeability. The process is primarily used for making dental and
jewelry castings.

For extremely limited production and for the development of production process parameters, invest-
ment mold patterns can be directly machined from an expendable material, such a plastic. For production-
level investment casting, however, the patterns are produced by injecting wax or plageerraaent
pattern molding diesThe dimensional tolerance of these permanent dies must be closely controlled.

A mixture of paraffin and microcrystallimaxis widely used for making investment casting patterns
(Horton, 1988). Waxes are strong, stiff, and provide adequate dimensional control during pattern making.
They are easy to remove with pressurized saturated steam or elevated tempPBtasticgzatterns have
several advantages compared with wax: higher strength, less subject to handling damage, can withstand
automatic ejection from the pattern mold, and can reproduce thinner sections, finer definition, sharper
corners, and better surface finish. But a major disadvantage is that certain plastics, such as polystyrene,
expand during burnout and can crack ceramic shell molds.

Some investment castings require complex internal cavities (e.g., holes and air passages). For com-
plicated shapes, the pattern-deresare used to form portions of the pattern that cannot be withdrawn
after the pattern is made. The cores must subsequently be dissolved or etched out from the casting.

As muchgating as possible is included in the wax patterns. This allows use of standard methods of
joining patterns together so that a number of investment castings can be produced during one pouring
operation.
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Investment casting is done in air and in vacuGmavity pouringfills the pouring basin from a ladle
or directly from a furnace. This method requires low equipment investment, but highly skilled operators.
In pressure pouringhe molds are filled from the furnace with an assist from a pressurized gas to fill
rapidly thin sections. Witlvacuum-assisted pouring, vacuum pump evacuates air from a mold ahead
of the stream of molten metal to minimize flow resista@entrifugal castinguses a spinning mold
assembly to develop added pressure to fill the mold.

Capabilities and Process Limitationsinvestment castings:

« Produce complex shapes that are difficult to make by other means

« Reproduce fine detail, high dimensional accuracy, and smooth surfaces requiring only minimal
finishing

¢ Adapt to most metal alloys

« Allow control of metallurgical properties such as grain size and grain orientation

A tolerance 0ft0.002 in. (0.05 mm) can be held on investment castings for each inch in its maximum
dimension; however, a tolerance#.005 in. (0.13 mm) is more typical (Horton, 1988). A surface finish
of 125 min. (3 mm) can be readily achieved, and surface finishes as smooth as 30 to 40 min. (0.8 to
1.0 mm) can be produced with suitable process control.

The size and weight of castings that can be investment cast are usually limited by physical and
economic considerations. Generally, the process can be applied cost-effectively to casting weighing up
to 10 Ib (4.5 kg); investment castings weighing 50 Ib (22.5 kg) are not unusual, and castings as large
as 1000 Ib (450 kg) are feasible. The initial tooling costs of investment casting can be high.
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Structure-Change Processes

Structure-change processes alter the microstructure of a workpiece. These changes can be achieved
through thermal treatment involving heating and cooling (quenching) under controlled conditions, some-
times in combination with mechanical forces, in order to effect desired solid-state phase transformations.
These processes include those that diffuse selected species into a surface layer to modify its composition
or to create a thin layer of material that does not increase the dimensions of the workpiece.

The two structure-change processes described here are representative ekampédization of steel
is a process that changes bulk properties of a workfieser surface hardeningf steel only changes
its surface properties; it does not affect the bulk properties. Even though both examples relate to ferrous
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materials, structure-change processes are used to impart desired propertieg toatedal systems;
e.g., age hardening of aluminumogB. The references listed at the end of this section contain detailed
information on structure-change processes.

Normalizing Steel

Description aml Applications. Normalizing is a heat-treating process that results in awelatniform
steel microstructure. Essentially all the standard carbon steels can be norrithkzessulting phases
and their size/distoution depend hawily on the carbon content of the steel. Normalization treatments
are performed for gariety of reasons (Ruglic, 1991):

* Refine the dendritic grain structure remaining from casting

« Eliminate ®vere txture (and hence anisotropic properties) that results freginfp and rolling
operations

« Reduce residual stresses
« Improve the response of a steel to further processing, such as machinintpoe sfiardening
« Improve mechanical properties by precipitating desirable phases

Principle of Operation. The steelworkpiece must be heatedfficiently high to transform the entire
structure to austenite,face-centered cubic phase which essentially solutionizes all the carbon (at room
temperature iromxists as ferrite, a body-centered cubic phase which kasydow carbon solubility).
Diffusion-controlled solid-state phase transformations require time at temperaturertd beoefore,
the workpiece must be held at temperature long enough for austenite toveligsolcarbon.

Theworkpiece is then cooledmstly enough tcavoid trapping the carbon in a supersaturated solution
as the iron transforms back from austenite to feiteme—temperature-transformation eardepicts
which phase transformations will occur foffdient cooling gradient#\ typicd T-T-T cuwe is slown
in Figure 13.2.11 which depicts the ffierence between a normalizing cool rate and that for annealing.
For the normalization treatment to be successful,dfiems in the microstructure with a carbon content
of 0.8% carbon precipitafene lamellae of ferrite and iron carbide {Egon cooling, kown as peatrlite.
Those area®lv in carbon content should precipitate ferrite grains during the initial phase of the cooling
cycle, followed by pearlite precipitatiomhe regions high in carbon should precipitate iron carbide in
the austenite grain boundaries, daled by pearlite precipitation (Ruglic, 1990).

The end result of normalization is a microstructure, and hence the mechanical properties characteristic
of the composition of the steel (primarilpv@rned by carbon content) as opposed to a microstructure
thatwas principally shaped by itsgmious thermomechanical processing.
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FIGURE 13.2.11 Time—-temperature-transformation eerfor normalizing compared to annealing. (Fré&¢8 M
Handbook, Heaflreating,Vol. 4, 10th ed.ASM International, Metal#ark, OH, 1991, 35With permission.)
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Key System Component€onventional heat-treating furnaces are used for normalization, such as batch
or continuous furnaces (Ruglic, 1991). The rate of heating is not critical. The furnaces must be able to
heat the component to about IBA55C) into the austenitizing region — this temperature depends on
the composition of the steel.

Control of the cooling rate is critical. In the usual case, a workpiece can be removed from the furnace
and allowed to air cool uniformly until the diffusion-controlled phase transformations are completed.

Process Limitations. The ability to normalize the microstructure of steel is governed by thermodynam-
ics. Phase stability and kinetics of the phase transformations are crucial. But heat transfer considerations
also play a major role. For instance, it may not be possible to achieve the desired cooling gradient in
the center of a thick section, and hence the properties of such sections will not be uniform.

For complex shapes or for those workpieces having a high degree of residual stresses, some distortion
will occur during the normalization process. The extent of distortion can be reduced by appropriate
fixturing, but it cannot be eliminated. Hence, some tolerance allowance must be made.

Laser Surface Hardening

Description and Applications.Laser surface hardening is used as an alternative to flame hardening and
induction hardening ferrous materials. The rapid heating rate achievable by the laser minimizes part
distortion and can impart surface hardness to low-carbon steels. The ability to locate the laser some
distance from the workpiece can also be advantageous. The entire operation can be performed in air.
This process is used to harden selected areas of machine components, such as gears, cylinders, bearings,
and shafts.

Laser surface hardening imparts wear resistance and strength to the surface of a component without
affecting its overall dimensions or changing its bulk properties. It is applied to selected areas which can
be accessed by a laser beam. The process relies on rapid laser heating, followed by rapid quenching, to
effect the necessary degree of hardening through phase transformation. The result is a very fine grain
structure that is extremely hard. Typical case depth is a function of the composition of the ferrous
material, but it will usually not exceed 0.1 in. (0.25 cm). For low- and medium-carbon steels, the case
depth will range from 0.01 to 0.05 in. (0.03 to 0.13 cm), with the case depth increasing as the carbon
content increases (Sandven, 1991).

Principle of Operation. An industrial laser rapidly heats a thin surface layer into the austenite phase
region (austenite is a face-centered cubic allotropic phase of iron that has a high solubility for carbon).
The interior of the workpiece is unaffected. When the laser beam is moved, the heated surface quickly
cools. Consequently, the carbon does not have time to diffuse as the iron attempts to transform back to
its ferrite (body-centered cubic) structure. The resulting microstructure is extremely hard since the trapped
carbon atoms distort the iron crystal structure into a highly strained body-centered tetragonal form,
known as martensite.

Key System Componentd.he majority ofindustrial metalworking laserare either solid-state Nd: YAG

or carbon dioxide type. Either pulsed or continuous mode can be used for surface treatment. The power
output range for YAG lasers is 50 to 500 W. Carbon dioxide lasers are available in much higher power
levels, up to 25 kW.

The surface to be hardened is usuatigtedto improve its ability to absorb laser radiation. A typical
coating is manganese phosphdaints containing graphite, silicon, and carbon are also used. These
coatings/paints can increase the absorption of laser energy to 80 to 90% (Sandven, 1991).

The output beam of the laser must be shaped and directeddptiead systento generate a laser
spot of desired shape and size at the correct location on the workpiece surface. Reflective optical
components are used since they are sturdy and easily adapted to an industrial environment.

Process ParametersMany factors affect the end result of laser surface hardening. Important is the
hardenability of the workpiece material which is affected by its composition and prior thermomechanical

© 1999 by CRC Press LLC



Modern Manufacturing 13-43

histoly. For the laser process, they parameters are bearovger densi, uniformity of the beam, and
processing speeéollowing are some general processing guidelines (&amdl991).

* The range of usableoper densities for laser dace hardening is 3B0N/in.2 (500 W/cn®) to
32,000 W/ir? (500 W/cn) with beam dwell times ranging from 0.1 to 10 sec; higlwevep
levelswould melt the suace.

« Alloys with high hardenability can be processedatdpeed withdw power density to produce
relaively thick cases.

¢ Alloys with low hardenability should be processed at high speed with legkrpdensity; the
result is a shadlv case.

« Beam configuration can be rectangusmuare, or round; uniform engg density within the beam
is very important.

« Maximum achévable suface temperature is proportional to the square root of the processing
speed; thus doubling the beamwer density requires the processing speed to be increased by a
factor of four to maintain the etyalent maximum stiace temperature.

« Smallerworkpieces are not afective a heat sink asrgerworkpieces, and hence self-quenching
may have to be assisted by quenching media.

Process Limitations. The depth of hardness that can be practicallyeaetiis limited by the sace
melting point. Because of the high beamrgpelensiy, heat fobw on compéx-shaped sdiaces, partic-
ularly those fivolving sharp corners or edges, can causspetted sufiace melting Therefore, pwer
density and process conditions must be carefully controlled.
It may be necessary twerlap passes of the laser beam, such as at the end of a complete pass around
acylinder. As a result, some tempering of the area already hardened .0beeirsbwer the processing
speed, the greater thegiee of tempering.
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Deformation Processes

Deformation processes change the shape of an object by forcing matéoal pastically from one
shape into another shape without changing mass or compodiéible (13.2.1p The initial shape is
usually simple This shape is plastically deformed between tools or dies to obtaifintiiedesired
geomety, properties, and tolerances sequence of such processes is generally used to pigghess
form material. Deformation processes, along with casting and machiraregbken the backbone of
modern mass production.

In addition to shape change, forming processes alter the microstructurevadripeece and can
improve material properties. Deformation processes are normally considered when (Semiatin, 1988):

¢ Part geometry is moderately corapl
« Component properties and structurakgmity are important
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TABLE 13.2.15 Significant Factors in Modeling a Deformation Process

Process Component Characteristics

Input material Flow stress; workability; surface condition

Output material Geometry; mechanical properties; dimensional
accuracy and tolerances; surface finish

Deformation zone Deformation mechanics; stress state; temperature

Tooling Material and geometry; surface conditions;
temperature

Tool/material interface Friction and lubrication; heat transfer

Process equipment Speed and production rate; power range; precision

« Sufficient production volume can amortize tooling costs

Deformation processes can be classified (Semiatin, 1988) as bulk forming processes and sheet forming
processes.

Bulk formingprocesses (e.g., rolling, extrusion, and forging) are characterized by

« Input material form is a billet, rod, or slab
« Workpiece undergoes a significant change in cross section during forming

Sheet metal formingrocesses (e.g., stretching, flanging, and drawing) are characterized by

 Input material is a sheet blank

« Workpiece is deformed into a complex three-dimensional form without appreciably changing the
Cross section

The key to attaining desired shape and properties is controlling metal deformation (Altan et al., 1983).
The direction of the metal flow, the magnitude of the deformation, the rate of deformation, and the
processing temperatures greatly affect the properties of the formed part. Design of the end product and
the required deformation process consists of these steps:

« Predict metal flow by analyzing kinematic relationships (e.g., shape, velocities, strain rates, and
strains) between the deformed and undeformed part configurations

« Establish producibility limits
« Select the process equipment and tooling capable of operating within the producibility limits

A bulk forming process (forging) and a sheet forming process (bending) are described below as
representative examples of deformation processes. The references listed at the end of the section should
be consulted for further information on these unit processes.

Die Forging
Talyan Altan

Description and Applications.Forging involves the controlled plastic deformation of metals into useful
shapes (ASM, 1988c). Deformation may be accomplished by means of pressure, impact blows, or a
combination. In order to reduce the flow stress, forging is usually accomplished at an elevated temper-
ature. Forging refines the microstructure of a metal and can improve its mechanical properties, especially
in preferred directions. Forging can also be used for other purposes, such as to consolidate powder
preforms by welding grains, eliminate porosity in castings, break up long inclusions in forgings, and
demolish the dendritic structure resulting from casting (Altan, 1988a).

Forgings are generally considered when strength, reliability, fracture toughness, and fatigue resistance
are important. Forgings are used in critical, high-load applications, such as connecting rods, crankshafts,
transmission shafts and gears, wheel spindles, and axles. Military and commercial aircraft are major
users of forgings for numerous critical items, such as bulkheads, beams, shafts, landing gear cylinders
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and struts, wheels, wing spars, and engine mounts. Sinjktrengines depend onrdiings for disks,
blades, manifolds, and rings.

Types of Foging Processes. There arewo broad catgories of foging processes: closed-dierdong
and open-die figing. Closed-die foging, also krown asimpression die figing, empbys precision-
machined, matching die blocks tade material to close dimensional tolerancesgéaroduction runs
are generally required to justify thesgensve dies. During faying, the die avity must be completely
filled. In order to ensure this, a slightcess of material is fged. Consequentlas the dies close, the
excess metal squirts out of thavity in a thin ribbon of metal, calleiflashing, which must be trimmed.
Isothermal foging in heated superaly dies minimizes the die quenchinfeet, peventing the rapid
cooling of theworkpiece in cold diesThis allbws complete die fill and the aeblement of close
dimensional tolerances forfficult to process materials, such as supeyall
Open-die fogingsare the least refined in shape, being made with little or no tooling (Klare, 1988).
These fogings are lege, relaitvely simple shapes that are formed between simple diesryeghigdraulic
press or pwer hamme Examples are ship propeller shafts, rings, gun tubes, and pressseés. Since
theworkpiece is Bvays lager than the tool, deformation is ¢ored to a small portion of theorkpiece
at any point in time The chief deformation mode is compression, accompanied by considerable spreading
in the lateral directions.

Key System Component3here arewo major classes of fging equipment as determined by their
principle of operation: figing hamme or drop hammewhich deivers rapid impact bivs to the suface
of the metal, and fging press, which subjects the metal to controlled compeegsce. Each of these
classes of figing equipment needs to leeamined with respect to load and snecharacteristics, its
time-dependent characteristics, and its capability for producing parts to dimension with highyaccura
Forging hammergenerate force throughfalling weight or ram (Altan, 1988bJhese machines are
enegy restricted since the deformation results from dissipating the kinetigyasfeahe ramThe faging
hammer is an ixpensve way to generate high ffiging loads. It also jwides the shortest contact time
under pressure, ranging from 1 to 10 msec. Hammers generally doomolepthe faging accuray
obtainable in presses.
Forging presses are either mechanicahyadraulic (Altan, 1988c)Mechanical foging pessesare
strake-restricted machines since the length of the predeestirnd thewailable load avarious positions
of the strd&e represent their capacitMost mechanical presses utilize an eccentric crank to translate
rotary motion into reciprocating linear motion of the press slitie bbw of the press is moreki a
squeeze than an impact of a hamniBecause of this, dies can be less iwasand die life is longer
than with a hamnreHydraulic ressesre load-restricted machines in whigldraulic pressure actuates
a piston that squeezes the die blocks togekhdl press load isvailable at ay point during the stice
of the ram A hydraulic press is relakly slw, resulting in longer process time; this may cause
undesirable heat loss and die deterioration.

Design Considerations.Preform design is the mostffitult and critical step in fging design. Proper
preform design assures defect-ffksy, complete die fill, and minimum flash logdthough metal fbw
consists only ofwo basic typesxtrusion (fow parallel to die motion) and upsettirfepv perpendicular
to the direction of die motion), in mostrfpngs both types ofdlv occur simultaneougl leading to a
very compéx flow field. An important step in understanding métalv is to identify the neutral siaces.
Metal flows away from the neutral stace in a direction perpendicular to the die motion. lge#dw
in the finishing step should be lateraiard the die avity without additional shear at the digerkpiece
interface This type of fow minimizes foging load and die weaA milestone in metavorking is the
use of CAD in establishing the proper design for preformingfamishing dies in closed-die riging
(Gegel and Malas, 1988Figure 13.2.12illustrates the relationships betweemgiog proceswvariables
and those of a fging press that must be understood in order to estimate process performance for a hot-
forging operation.
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Process variables Equipment variables
Strain rate, ¢ Slide velocity, V, | '
Flow stress of
forging

material, o
Die temperature

Work metal -—l;Contact time, I
temperature,
Friction, "—I—. i Stiffness, C 1——
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] Clearances,
':Z'g‘:tg ] flatness, and
9 i parallelism
I Machine load, Ly,
I Machine energy, E\,
Variations in
\ stock weight
) y l and temperature Strokes per min at
Required idle,
load, L, Forging » g
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Strokes per min

under load, n,

FIGURE 13.2.12 Relationships between process and mackemables in hot-foging processes conducted in
presses. (Fra ASM Handbook, Forming and Fging, Vol. 14, 9th ed ASM International, Metal®ark, OH, 1988,
36. With permission.)

Designing a mechanical component that is to be madegindotogether with the optimum geometry
for the faging dies requires analysis of nyafactors (Altan, 1988a), including

¢ Design rules
« Workpiece material specification, and its critical temperatures

« Flow stress of the material at the process conditions (e.g., temperature, temperature gradient,
strain rate, total strain)

« Workpiecevolume and weight
« Frictional conditions in the die
¢ Flash dimensions
« Number of preforming steps and their figoration (fow field for the material)
¢ Load and engy requirements for eachrfping operation
« Equipment capability
In closed-die faging, it is particularly dficult to produce parts with shafglets, wide thin webs, and

high ribs. Morever, dies must be tapered fiacilitate renoval of the finished piece; draft alVance is
approximately 5 for steel fogings (se Table 13.2.1%
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TABLE 13.2.16 Typical Forging Defects and Mitigation Strategies

Defect Description and Cause Mitigation Strategy
Surface cracking  Fine cracks in the surface of the forging Increase the amount of preheating of the forging
Possible causes: billet and forging die
» Excessive working of the surface at too low a Change material specification
temperature Change furnace atmosphere to avoid diffusion of
« Brittle or low melting phases in the grain unwanted elements
boundaries Increase the flash thickness
« Cracking at the die parting line Relocate the die parting line to a less critical
location
Stress relieve the forging prior to flash removal
Cold shut Appears as a fold; occurs when two surfaces oRedesign forging die and/or forging preform to
metal fold against each other without welding improve plastic flow of the metal during the
Possible causes: forging operation
« Poor metal flow in the die Redesign the forging to avoid areas which are
« Excessive chilling during forging difficult to fill
« Poor die lubrication Increase the amount of preheating of the forging

billet and forging die
Improve die lubrication

Underfill Incomplete forging in which all details are not Clean die thoroughly
produced Completely descale the billet
Possible causes: Redesign preform

« Debris residue in die

 Scale on forging billet

« Billet too small to completely fill die

Internal cracks Cracks not visible from the surface, but detectedompletely descale the billet

during inspection and/or exposed during metalFor open-die forgings, use concave dies
removal Redesign for closed-die forging

Possible causes: Use a hydraulic press and heated dies to avoid

» Scale embedded in the internal structure of the formation of excessive tensile stresses during
forging forging

« High residual tensile stresses

Press-Brake Forming

Description and Applications.Press-brake forming is a process used for bending sheet metal; the
workpiece is placed over an open die and then pressed into the die by a punch that is actuated by a ram
known as a press brake (ASM, 1988b). The main advantages of press brakes are versatility, ease and
speed with which new setups can be made, and low tooling costs.

Press-brake forming is widely used for producing shapes from ferrous and nonferrous metal sheet
and plate. Although sheet or plate 0.250 in. (10 mm) thick or less is commonly formed, metals up to 1
in. (25 mm) thick are regularly formed in a press brake. The length of a sheet is limited only by the size
of the press brake. Forming can be done at room or elevated temperature. Low-carbon steels, high-
strength low-alloy steels, stainless steels, aluminum alloys, and copper alloys are commonly formed in
a press brake. Press-brake forming is applicable to any metal that can be formed by other methods, such
as press forming and roll forming.

Press-brake forming is considered for bending sheet metal parts when the production quantities are
small, dimensional control is not critical, or the parts are relatively long. In contrast, press forming would
be considered when production quantities are large, tolerances are tight, or parts are relatively small.
Contour roll forming would be another option for high-rate production applications (ASM, 1988c).

Principle of Operation. Bending is a method of forming sheet metal by stressing a material beyond its
yield strength while remaining below its ultimate strength so that cracking is avoided. In press-brake
forming the tooling and setup are relatively simple. A workpiece is placed over a die, typically having
aV-shape. The bend angle is determined by the distance the workpiece is pressed into the die by the
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punch The width of the die opening (top ofetk) &affects the force needed to bend Warkpiece The
minimum width is determined by the thickness of warkpiece and the radius of the punch nose.

Key System Component#\ press brakes basically a siv-speed punch press that has a long,ivelist
nariow bed and a ram mounted between end housings. Rams are mechanigalhaalically actuated.
Figure 13.2.13depicts a typical setup for pressHmeorming.

FIGURE 13.2.13 Typical setup for press-brake forming. (fré\SM Handbook, Forming and Fging, Vol. 14,
9th ed, ASM International, Metal®ark, OH, 1988, 533With permission.)

V-bending dies and their corresponding punches are the tools most commonly used in kgess-bra
forming. The width of the die opening is usually a minimum of eight times the sheet thickness.

Process ParametersCapacities of commercial press kea range from 8 to 2500 tons. Required
capacity is gverned by the size and bending characteristics ofvtdre metal and by the type of bend
to be made (ASM, 1988b).

The nose radius of the punch should not be less thawottkemetal thickness for bendinga-carbon
steel, and must be increased as the formability ofvibdpiece material decreasdse radius of the
V-bending die must be greater than the nose radius of the punch by an amount at least equal to the
workpiece thickness to allv for the bottoming of the punch ingh.

It is preferable to orient a bend so that it is made across the rolling direction rather than parallel to
it. Sharper bends can be made across the rolling direction without increasing the probability of cracking
the material. If bends must be madevim tor more directions, theorkpiece should be oriented on the
sheet layout such that none of the bends will be parallel to the rolling direction.

Springback after press-lie bending is considered only when close dimensional control is needed.
It can be readily compensated fordserbendingFactors that fiect springback include the mechanical
properties of thevork material, the ratio of the bend radius to stock thickness, the angle of bend, the
method of bending, and the amount of compression in the bendAzgreater amount adverbending
is needed to correct for springback on small bend angles thamgerblend angles.

Capabilities. The generally accepted tolerance for dimensions resulting from bending of metal sheet
in the press bk is£0.016 in. £0.4 mm) up to and including 0.125 in. (3 mm) thickness (ASM, 1988b).

For hevier gauges, the tolerance must be increased accordirgdlievable tolerances are influenced

by the part design, stock tolerances, sheet metal blank preparation, the condition of the machine and its
tooling, and operator skill.

Design Factors. In press-brke forming, as in other forming processes, the metal on the inside portion
of the bend is compressed or shrunk, and the metal on the outside portion is stfdtishezbults in
a strain gradient across the thickness ofwbekpiece in the area of the bend with tensile strain on the
outside and comprése strain insideThese residual strains (and resulting stresses) can lead to distortion
of the part under loading conditions, heating, or cooling.

The formability of metals decreases as the yield strength approaches the ultimate strength. In press-
brake forming, as the yield strength of therk metal increases,oper requirements and springback
problems also increase, and tregrge of bending that is practical decreases.
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There are several factors which will make it difficult to establish or maintain accurate placement of
a bend line in a press brake. Corrective action may require a design change or change in processing
sequence.

« Bends or holes that are located in close proximity to the required bend line can cause the position
of the bend line to wander.

« Notches and cutouts located directly on the bend line make it difficult to maintain an accurate
bend location.

* Offset bends will shift location unless the distance between bends in the offset is at least six times
the thickness of the workpiece material.

If multiple bends must be made on a workpiece, it may not be possible to avoid a bend that is parallel
to the rolling direction. Depending on the degree of texture in the sheet and the anisotropy of the material,
a change to a higher-strength material may be necessary to achieve the desired geometry.
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Consolidation Processes

Consolidation processes fuse smaller objects such as particles, filaments, or solid sections into a single
solid part or component to achieve desired geometry, structure, and/or property. These processes use
either mechanical, chemical, or thermal energy to bond the objects. Interaction between the material and
the energy that produces the consolidation is a key feature of the process.

Consolidation processes are employed throughout manufacturing, from the initial production of the
raw materials to final assembly. One group of processes involves the production of parts from powders
of metals, ceramics, or composite mixtures. The resultant consolidated products are typically semifinished
and require further processing. For instance, the consolidation of powders produces bar, rod, wire, plate,
or sheet for upstream processes.
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The consolidation of net shape composite structures (i.e., require minimal finishing work) is an
increasingly important area. The design of the structural geometry, selection of material, and choice of
consolidation processes all act together to provide the required level of performance. There are two types
of matrix materials used: themosetting and thermoplastic. The consolidation process of each of these
types of resins is different. A unit process described in this section addresses the consolidation of
composites using polymeric thermosetting resins.

An important family of consolidation processes includes welding and joining processes used to
permanently assemble subcomponents. Historically, welding and joining processes are developed empir-
ically and quickly evaluated for benefit in manufacturing applications, driven by the promise of significant
potential benefits. The need for welding and joining is substantial since only monolithic parts can be
made without joining. The ideal joint would be indistinguishable from the base material and inexpensive
to produce (Eagar, 1993). However, experience indicates that no universal joining process exists that
can entirely satisfy the wide range of application needs, and thus design engineers must select the most
appropriate joining methods that meet requirements. Shielded metal-arc welding, the most widely-used
welding process, is described in this section.

The unit processes described here are a representative sample of the types most likely to be encoun-
tered. The references listed at the end of the section should be consulted for detailed information on
these unit processes.

Polymer Composite Consolidation

Weiping Wang, Alan Ridilla, and Matthew Buczek

A composite material consists of two or more discrete materials whose combination results in enhanced
properties. In its simplest form, it consists of a reinforcement phase, usually of high modulus and strength,
surrounded by a matrix phase. The properties of the reinforcement, its arrangement, and volume fraction
typically define the principal mechanical properties of a composite material. The matrix keeps the fibers
in the correct orientation and transfers loads to the fibers.

Continuous-fiber-reinforced materials offer the highest specific strengths and moduli among engineer-
ing materials. For example, a carbon fiber/epoxy structural part in tensile loading has only about 20%
of the weight of a steel structure of equal stiffness. Composite parts can integrate component piece parts,
such as molded-in rib stiffeners, without the need for subsequent assembly operations and fasteners.

Description and Applications.There are many types of polymer composites in use. Composities are
usually identified by their fiber material and matrix material. Fiber materials are necessarily strong,
stable materials that can be processed into fiber formats. Typcial fibers are glass, graphite/carbon, aramid,
and boronGlassfibers represent the largest volume usage since they have excellent properties and are
low cost.Graphite/carborfibers are widely used for advanced composite applications in which stiffness
and high performance are critical. These fibers are also expefsiveid fibers, a type of polyamide,

have proved useful in applications where its performance in axial tension can be exploited without
incurring too severe a penalty by the material’s poor performance under compressive Bading.
filaments have high strength and high modulus, but most applications requiring high performance, such
as military aircraft structures, are now using carbon fibers.

Low-costpolyesteresins are the most widely used matrix material for the general composite industry;
the majority of these application use glass as the fiber. Many applications are found in the chemical
process, construction, and marine industry. The most widely used polymepoayeesins, which are
used with carbon, aramid, and boron fibers for many advanced applications, such as in aircraft structure
and rocket motor fuel tankBolyimidesare polymer resins that provide more temperature performance
than is possible from the epoxy-based material, and these are used in advanced aircraft structures and
jet engine components where heating of the structure will occur.

Principle of Operation. Each of the constituent materials in advanced composites acts synergistically
to provide aggregate properties that are superior to the materials individually. The functional effectiveness
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of composites is principally due to the anispyr@f the materials and the laminate concept, where
materials are bonded together in multiple lay€&hss allows the properties to be tailored to the applied
load so that the structure can be theoretically mffigient than if isotropic materials were uséthe
reinforcements come in\ariety of formats. Unidirectional tapes with &lbers along a common axis,
wovenfabrics constructed with fibers along boxesin thex-yplane, and multidimensional architectures
with reinforcements in more than one axial direction are jusivaof theavailable formats.
Consolidation in composites can be considered to occwoalktels: the fibers are infiltrated with
the matrix to form a lamina oryland the intvidual laminae are consolidated together to form the
final structure. In the pre@y process, thesavb levels are distinctly separated, since ftieer/matrix
consolidation process forms the prprwhich is then laid up to form the laminatefioal component.
In other processes, such as resin transfer moldlimgy/matrix infiltration and the consolidation of the
final part are done in a single stage. Single-stage consolidation processes aieedigaatise dy
eliminate the additional cost associated with pgproduction; bwever, two-stage consolidation
processesdve major adlantages that often outweigh the biéseof single-stage consolidatiohhese
include fexibility in part geomety, high fiber conteniexcellent fiber wet-out, and better controlfitfer
volume fraction distbution. Because of theseahtages, prepg processing is firmly entrenched in
high-alue products, such as aerospace applications, in spite of its high cost.

Fabrication Methods. Typical steps in maracturing continuous-fiber compositewadlve preform
fabrication and consolidation/curing (Adni, 1994). Prefornfiabrication creates the structure by posi-
tioning material close to thignal part shapeTéable 13.2.1y. The material comes in eitherettry fiber
(without resin) form or with resin included, called peeprDry fibers are used in filament winding,
weaving, braiding, and pultrusioihe resin can be introduced in the operationommdtream molding.
Prepreg, at a higher material cost, eliminates the step of resin addition anidgw the adhesion to
hold the material togetheConsolidation/curingrivolves compacting the preform to rewe entrapped
air, volatiles, andexcess resins whileesdleloping the structural properties by increasing the polymer
chain length and cross-linking.

Process ParametersThermosetting polymeric materials will not soften dlmtv upon reheating after
polymerization because of the formation of a crodeelih polymer netork. Hence, thermosetting
polymer matrices must be cdra situ with the fibers to form the composite structurke goals of a
successful cure are good consolidation wav porosity and high awersion of initial monomeric
constituents to polynre

The challenge of the cure process is to manage the interactions of temperatbrgiaiistoegree of
cure, laminate thickness, amndid content by manipulating the applied temperature, pressure (or dis-
placement), andacuum Temperature must be controlled so that resin temperature stays within limits.
Both the duration and the magnitude of pressure application are imporéaoéss/e resin fbw results
in a resin-stared laminate. Similayl pressure application too soon in the process can erdlaties
in the material. Materials can alexhibit lot-to-lot variability. The problem is further complicated when
processing a com@t-shaped part or multiple parts offérent geomeyr.

Composite cure processes are typically performed in an atgamt in a heated pregsn autoclave
is essentially a heated pressuessel. Nitrogegas is normally used for pressurizatidhe temperature,
pressure, andacuum are controlled vs. time tdfext the cure. Recent wahcements inntelligent
processinguse sensors to determine the state of cure in real time, akel aparopriate control
adjustments to optimize the curgcle (NRC, 1995)Figure 13.2.14 which plots data from an actual
implementation, depicts the potential that intelligent processing has in reducingaeufmccessing
time and cost.

Press moldingises a high-pressure press and matched metal tools to formTéeamiain components
of a press-molding system include the tools, the ram, and the heated. #lggnsrelease materials
must be applied to the tools @oid laminate adhesioAdvantages of press molding include iroyed
sufface finish (since both sides are tooled) and the elimination s&tiieim bagging systemsoldever,
the pressure inside the mold is not necessarily uniformvaladiles are not easily reswed. Hence,

© 1999 by CRC Press LLC



13-52 Section 13
TABLE 13.2.17 Methods of Composite Preform Fabrication
Method Description Application
Weaving Process of interlacing yarns to form a stable fabric Closely conforms to surfaces with
construction that is flexible compound curvature
Less frequent interlacing results in better composite
strength
Braiding Intertwines parallel strands of fiber Sporting equipment
A tubular braid consists of two sets of yarn which areGood torsional stability for composite
intertwined in “maypole dance” fashion; produced shafts and couplings
with varying diameter or circumferential size Geometric versatility and
manufacturing simplicity
Pultrusion Reinforcing fibers pulled from a series of creels throughroduce constant cross-section pieces

Filament winding

Tube rolling

Manual layup

Automatic tape layup

a resin impregnating tank; preformed to the shape ofat high production rates
the profile to be produced; enters a heated die and is
cured to final shape
Pulling roving (unlisted bundles of fibers) over a  Cylindrical parts
mandrel by rotating the mandrel about a spindle axisCan be low cost
can cure on the mandrel
Material cut from prepreg tapes and laid on a flat Low-cost method for making tubular
surface; plies of different orientations joined together; structures or tapered tubes, e.qg., golf
a cylindrical mandrel is rolled on the material; curing shafts
is typically done on the mandrel
Plies of different fiber orientations are cut from flat Most common method used in the
sheets of the prepreg material and laid up on a tool; aerospace industry
bagging materials are applied and sealed to the tool
for subsequent consolidation
Flexible in producing complicated features at low start-
up/tooling cost; building a curved, variable-thickness
part can be complicated
Computer-controlled machine tools or robots with aProvides lower cost and variability
material delivery system over manual layup, but requires
» Automated tape layup machine uses prepreg tape, higher capital investment
typically 3 to 12 in. wide, suitable for large surface
of gentle contours
* Fiber placement employs multiple tows for more
complex surfaces
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FIGURE 13.2.14 Intelligent processing of composites. (From NRExpanding the Vision of Sensor Materials,
NMAB-470, National Academy Press, Washington, D.C., 1995, 39. With permission.)
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press molding is generally suitable for composite systems which do not generatdiGastgminount
of volatiles.

Shielded-Metal Arc Welding

Description anl Applications. Bonding is achaved in fusion welding by interposing a liquid of sub-
stantially similar composition as the base metal between tlf@cearto be joined (Bar, 1993) The

need for welding and joining is substantial since only monolithic parts can be made without joining.
Traditional welding processesMe unique adantages, which nk& them the processes of choice for a
large number of applicationgor example, in thefabrication of havy structures, arc welding will
dominate other assembly processes because of the infiexdaility and economy of welding.

Principle of Operation. In the majority of arc-welding methods, therkpiece is made part of the
electric welding circuit, which has as itswer source a welding generator or transfarre start a
weld, an arc is struck by touching tiwrkpiece with the tip of the electradéhe welder guides the
electrode by hand in welding a joint, and controls its direction amelitng speedThe welder maintains
arcvoltage by controlling arc length (the distance between the end of the electrodework theface).
Because an electric arc is one of the hottest sources of heat, melting occurs instantaneously as the arc
touches the metalrc welding is a highly popular process because diesshility and relatvely low
cost (ASM, 1993).

In shielded-metal arc welding, an arc is struck betweewdhlkpiece and aavered (or coated) metal
electrode. Filler metal is pvided by the consumable electrode. @ostion and decomposition of the
electrode overing from the heat of the welding arc produagaseous shield thakcludes the oxygen
and nitrogen in the atmosphere from the weld area; tess=svould otherwise causxcess$ve porosity
and poor ductility in the wel@Velds by this method are eéry high quality (Juers, 1993jigure 13.2.15
depicts the components of the shielded-metal arc welding process.

DIRECTION OF TRAVEL
PROTECTIVE GAS FROM T e
ELECTRODE COATING

ELECTRODE COATING

MOLTEN WELD METAL
ELECTRODE WIRE

/ ARC
" P A
SOLIRED |3 20,0 - METAL DROPLETS
AN R o

)
%Z% / 22 BASE METAL

FIGURE 13.2.15 Shielded-metal arc-welding process. {réSM HandbookWelding, Brazing, and Soldering,
Vol. 6, 10th ed.ASM International, Metal®ark, OH, 1993, 178Nith permission.)

Key System Componentsor shielded-metal arc welding, the metedical properties of a weld depend
greatly on the type of electrode and itwering The electode coveringgontain shieldingias formers
that exclude atmospherigases from the weld area. Electrodwearings dfer additional capabilities
(Juers, 1993):

« Deoxidizers and nitrogen absorbers to purify the depositing metal
« Slag formers to protect the weld from oxidation

* lonizing elements to stabilize the arc

Alloying elements to produce highstrength welds

« Iron powder to increase metal deposition rate
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Selection of the proper electrode is based on many considerations (Juers, 1993):

« Base metal strength

« Base metal composition

« Welding attitude (position)

* Welding current

« Joint design and fit

« Base metal thickness and shape

¢ Service conditions

¢ Production efficiency and conditions

Many types and sizes pbwer suppliesre used. Supplies can be either direct current (DC) or alternating
current (AC) types; combination AC/DC power supplies are widely used. In general, power supplies are
required that produce controllable levels of constant-current output. The rate of metal deposition is
determined by the output current from the power supply.

Capabilities. Shielded-metal arc welding is the most widely used welding process for joining metal
parts, principally because of its versatility. Also, the welding equipment is less complex, more portable,
and less costly than for other arc-welding processes.

Shielded-metal arc welding is generally very useful in joining components of complex structural
assemblies. Joints in virtually any position that can be reached with an electrode can be welded, even
if directly overhead. Joints in blind areas can be welded using bent electrodes. Welding in positions
other than flat require the use of manipulative techniques and electrodes that cause faster freezing of the
molten metal to counteract gravity. Shielded-metal arc welding can be done indoors or outdoors.

Metals welded most easily by the shielded-metal arc process are carbon and low-alloy steels, stainless
steels, and heat-resistant alloys. Cast iron and high-strength steels can also be welded but preheating
and postheating may be required. Shielded-metal arc-welding electrode materials are available for
matching the properties of most base metals; thus, the properties of a joint can match those of the metals
joined.

Design Considerations.Joint design (shape and dimension) is determined by the design of the work-
piece, metallurgical considerations, and established codes or specifications.
Welds should preferably be located away from areas of maximum stress. Poorly placed welds can
result in undesirable, and unplanned, stress concentrations that can cause early failure of the joint.
Poor joint fit-up increases welding time and is often the cause of poor welds.

Process Limitations. Metals with a low melting point, such as zinc, lead, and tin, cannot be welded by
electric arc methods.

Limitations of shielded-metal arc welding compared with other arc-welding methods are related to
metal deposition rate and deposition efficiency. Consumable electrodes have a fixed length, usually 18
in. (460 mm), and hence welding must be stopped periodically to replace the electrode. Another limitation
is the requirement to remove the slag covering that forms on the weld after each welding pass.

There is a minimum gauge of sheet that can be successfully welded without burn-through. Generally
0.060 in. (1.5 mm) is the minimum practical sheet thickness for low-carbon steel sheet that can be welded
by a welder possessing average skill (Juers, 1993).

Special techniques are required when welding pieces of unequal thickness because of their different
heat dissipation characteristics. Solutions include

« Placing a copper backing plate against the thinner section to match the heat dissipation from the
thick section

« Redesigning the component so that the thick and thin sections taper at the joint to approximately
the same size
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Distortion is uvoidable in welding because of residual stresses that arise from nonuniform heating
and coolingVarious procedures can be used to minimize distortion, such as clampingrkipéeces.
But straightening of thevorkpiece may be required to aele the required dimensional acotya
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Mechanical Assembly
S. H. Cho

Total labor nvolved in the assembly processes in the MaBes from 20%férm machinery) to almost
60% (telecommunications equipment). @erage, assembly tasks opgtb3% of mantacturing time,
and 10 to 30% of total production cost of most industrial products. Use aiviegpassembly methods
and technologies is essential to redaeerall mandiacturing costs.

Assembly Methods and Systems
Assembly systenare classified ineveral diferentways (Table 13.2.18)Figure 13.2.16indicates the
types of automated systems that could be dfstve based on assembly part count and production
volume.

Generaly, automatic assembly systewonsist of three major components:

« Transfer systento move work carriers with in-process subassemblies betweskstations;

« Parts feeding devict® supply parts to be assembled into the appropriate position, where the parts
are loaded by the handling/placing mechanism;

¢ Parts handling/placing mechanisnto pick parts and perform assigned assembly tasks such as
placing, inserting, and s&wing.
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TABLE 13.2.18 Classification of Assembly Systems

Type of Assembly System  Classification Basis Description

Manual Level of automation  Assembly tasks completed manually

Automatic Level of automation  Adopts mechanized devices or industrial robots with supplementary
equipment for handling and assembling parts

Semiautomatic system Level of automation  Manual workers and mechanized devices cooperate to complete
assembly tasks

Cell-type system Configuration Very flexible integrated assembly workstation; assembly completed

by various equipment, such as robots or pick-and-place units, parts
feeders, parts tray, magazines, automatic tool changer, and auxiliary
jigffixtures

Line-type system Configuration Assembly tasks divided into subtasks which are completed at
workstations connected by transfer systems; handles large parts,
cycle-time variation, and gripper change

Dedicated system Degree of flexibility =~ Not flexible — can assemble only one product of a single model;
generally economical for large production volumes
Flexible system Degree of flexibility =~ Accommodates different products; economical for medium-size and

mixed-model production
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FIGURE 13.2.16 Conditions for economic application of various assemby systems. (Courtesy of S. H. Cho.)

The transfer systentan be continuous or intermittent according to the transfer method. In the
intermittent transfer systerassembly tasks in a workstation are performed during a stationary period
of the work carriers, which are transferred to the subsequent workstation after completion of the assembly
tasks.Continuous transfer systenmave a problem of not being able to assure positioning accuracy
between an in-process subassembly and the tools of a workstation; thus, the intermittent type is usually
used (Boothroyd, 1992).

There are two modes dftermittent transfer:in-line and rotary. For the-line mechanisms, the
walking beam, the shunting work carrier, and the chain-driven work carrier are commonly used. The
rotary type employs mechanisms such as rack and pinion, ratchet and pawl, Geneva mechanism, and
mechanical cam drives. Currently, free-transfer conveyors with stopping and positioning mechanisms
are widely used in flexible assembly lines.

Mostfeeding systentsave devices to orient parts supplied by the following means (Yeong and Vries,
1994):

« Bulk supplyfor parts that are easily separated, fed, and oriented automatically. Bulk supply usually
adopts various part feeders, e.g., vibratory bowl feeders and various nonvibratory mechanical
feeders for small parts. These feeders usually only handle one type of part and cannot be applied
to assembly systems which require flexible part-feeding devices.
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« Organized supplyses special pallets such as a kit or ganme for parts that cannot easily be
separated, fed, and oriented.

Parts-handling/placing mechanisnisclude pick-and-place units andrious types of industrial
robots To load and assemble parts, the mechanism usuallyogsnglrious assembly wristsay-type
grippe, vacuum suction pad, magnetic chuckesaahriver, nut runne and othersA number of diferent
wrists are required when automatically assemblirifprdint parts in avorkstation To accommodate
this assembly situation, a multifunctional grippee tool-changing system, and awansal gripper &ve
been dveloped and widely used in robotic assembly systems.

Selection of Assembly Systems

The placement of a part in its assembled position and part mating impose tight constraints on the
positioning mechanism and on part properties such as clearances and yédmst constraints are
more svere for assembly systems matingaiety of precision products that must adapt to frequent
design change§he assembly systems of this type must possess the adaptability to changing assembly
environments, thus requirinfjexible automatic assenmyb{Boothioyd, 1984).
A typical flexiblerobotic assembly systemses an industrial robot for part handling, part positioning,
and part matingThese systems are limited by positioning and orientation misalignment caused by the
low positioning accury of robots, uncertainty in part handling, avatiation in the location of parts.
Various approaches aewailable that tke into consideration uncertainty in orientation and parts
propertiesvariation.Figure 13.2.17depictsvarious types of assembly wrists that are in use. In general,
wrists can be classified into three basic configurations:

* Passve accommodation;
* Active accommodation;
* Pas$ve-actve accommodation.

There arewo types ofpassive wrist methods:

« Wrist accommodates misalignments by deforming its structure elastically undefidbeda of
the contact forces generated during the assembly of the misaligned\paxtshanically com-
pliant structue is needed for either the robot wrist or the assemiayktable, which can be
deformable according to the reaction force acting on the mating parts. Remote center compliant
wrist is one of such typical wrists; this method usually requires part chamferingt(@hd 887).

e Wrist corrects misalignmentykapplying external facesor torques to the misaligned parts in a
prescribed manner or a randevay. For instance, a vibratory wrist utilizes pneumatic actuators
controlled by a pulse width modulation controller to generate desirable vibration; this method
does not require part chamfering.

Active wrist methodempby senso-controlled wrists and compensate misalignments by controlling
the fine motion of the assembly wrist or therk table based upon sensory feedb&ak/ances kve
been made in the area of sensing technique, gripper and actuating mechanism design, and the related
control algorithms. Sensors for these wrists are needed prior to contact (vision, range, displacement,
proximity), during contact (touch, slip), and after contact (force, moment). Based upon the force sensor
signals and the associated algorithms, the wrist motion can be corrected to reduce misalignment.

The passive—active accommodation metl® acheved by combination of the “pase and adtve”
techniquesThe basic stragy is that the part mating is continued within somevnalble forced moments,
while beyond this the insertion method is switched from theipags acive to reduce the mating force
by using sensors with compliant structures.

The senso-based assembig similar to the method emgyling the adve wrist. Both rely on sensory
information for fine-motion controlThe principal diference is that the former utilizes robot motion,
while the latter relies on wrist motion.
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robot arm robot arm
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(c) a magnetically levitated hand [9] (d) an active wrist
FIGURE 13.2.17 Various assembly wrists. (Courtesy of S. H. Cho.)

Reaction forcesf@rce/torque informationthat occur during part mating can represent the status of
the contact between mating parts. Among the approaches are pattern classifiers that determine the contact
state at which the assembly parts are contacting each other, position error recovery via fuzzy logic,
heuristic search with fuzzy pattern matching, and learning of nonlinear compliance using neural network.
Visual/optical informationis critical to compensate for positioning and orientation error occurring
due to misalignment. Visual information is often combined with other data, such as force/torque, pressure,
and displacement, because a rather longer time is required for image processing, object recognition and
error calculation and because visual information is sensitive to external environmental conditions such
as illumination.

Assembly Line

An assembly line usually consists of a set of workstations that perform distinct tasks linked together by
a transfer mechanism. Each task is an assembly operation, while each workstation represents a location
along the line where the tasks are processed. A buffer storage is placed between workstations for reducing
the effect of a workstation failure on the throughput.

Line balancings essential for designing a cost-effective assembly system (Groover, 1980). The time
required for the completion of a task is known as the process time, while the sum of the process times
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of the tasks assigned to a station is the station fiilme total task processing times for assembling alll
the parts is thevork contentWhenassembly sequencae generated without considering line balancing,
the sequences may not guarantee the minimum numberkétations Therefore, line balancing must
be concurrently considered infadeng the assembly sequences.

Design for Assembly

Approximately 80% of marfacturing cost is determined at the conceptual design stage. Design for

assembly (BA) is crucial during early desigfhe objeave of the OFA is tofacilitate the marfacturing

and assembly of a productFB applies to all the assembly operations, such as parts feeding, separating,

orienting, handling, and insertion for automatic or manual assembly (Ghosh and Gagnon, 1989).
DFA is directed dward:

¢ Reducing the number of parts by modularization;
« Easing feeding and minimizing reorientation;

« Easing insertion by self-aligning, self-locating, elimination of part interference, féiobre
fastening.

Axiomatic OFA uses design guidelines basedegperience of product designs and assembly opera-
tions. Procedural OFA evaluates the desigrifeeiency based upon the production cost.

Figure 13.2.18shows results that were obtained usingADrules toevaluate part designs in consid-
eration of feeding and insertion. Such analysis has great potential iovingpassembly operations.
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FIGURE 13.2.18 Results of [FA analysis. (Courtesy of S. H. Cho.)

© 1999 by CRC Press LLC



13-60 Section 13

References

Boothoyd, G. 1984 Economics of General-Purppsssembly Robot§IRP GenersAssemby, Mad-
ison, WI.

Boothoyd, G. 1992 Assemhy} Automation and Rvduct DesignMarcel Delker, New York.

Cho, H.S,Warne&e, H.J., and Gweon, D.G. 1987. Robotic assembly: a synthesizngew, Robotica,
5, 153-165.

Ghosh, S. and Gagnon, R.J. 1988omprehenise literature eview and analysis of the design, balancing
and scheduling of assembly systemns. J. Frod. Res.27(4), 637-670.

Groover, M.P. 1980 Automation, Poduction Systems, and Compuféded ManufacturingPrentice-
Hall, Engewood Cliffs, NJ.

Yeong, MY. ard Vries, W.R. 1994 A methodology for part feeder desjginn. CIRP, 43(1), 19-22.

Material Handling
Ira Pence

Material handling pavides the right amount of all the required materials at the right place and time to
support manfacturing. Properly designed, the material-handling systewidess for the acquisition,
transportation, and deery of material such that the minimum cost is incurred considering capital, labo
andexpenses. It focuses on obtaining material and suppliegnmthem between process steps, and
delivering the finished product to the custenikégure 13.2.19depicts the elements of a modern mate-
rials-handling system which reachesydind thefactory floa, serving as an iegrating force for pro-
duction operations.
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FIGURE 13.2.19 Modern material-handling system. (Courtesy of J. Lee.)

The material-handling system should be analyzed as a single entity soffsades@ense irnvarious
elements can be made to minimize the total cost. Ofterever, the adwities are br&en into purchasing,
transportationywarehousing, and dishition functions which operate independgn8uch dvisions are
arbitrary because the material-handling system is an kerohain of actities that start when the
suppliers complete their laghlue-added operation aexttend until the product is deered. Minimum-
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cost material handling will not be achieved if the partitioning of material flow into subelements leads
to optimization of each subelement at the expense of the entire system.

Planning is crucial to the design of a smoothly functioning materials operation. Planning should be
consistent with the strategic plan for the entire manufacturing operation. In formulating the plan, a
realistic assessment of the problems and opportunities associated with arranging, controlling, and imple-
menting the material flow must be used. Specific tactics, such as just-in-time delivery, should support
the strategic plan. Expensive automation should not be used unless the volume and stability of the product
justify its use.

Logistics

The movement of material in a manufacturing enterprise is usually broken into two broad categories,
inside the plant and external to it. External movement is generally referred to as “logistics,” while the

internal flow is known by many different names. Material movement considered logistics is generally

marked by a wide geographic scope, diversity of equipment and technology, and some uncertainty in
delivery time. But the basic goals are identical to in-plant movement and most of the analysis tools are
applicable to both categories.

For large manufacturing enterprises the number of individual components involved in the production
of the product, often referred to as SKUs (stock keeping units), can be very large. In the past, it was
helpful to treat items of similar size, weight, storage requirements, and delivery times as a single
commodity. This simplified manual analysis and was sometimes done by computer programs that
analyze logistical information. However, current computer systems make it practical to treat each item
individually.

Basic Elements

The basic activities associated with material handlingnaseing, storing,and controlling materiel.
These activities are interrelated with production scheduling and information must flow both ways.

Movement may be over short distances, as from one machining center to another, or long, from one
plant to another. In all cases the basic information that must accompany the move includes the part
identity, timing, quantity, source, and destination. Each move should be planned and scheduled, taking
into account the speed of the basic mechanism as well as allowance for loading, unloading, logging,
counting, etc.

Movement can be continuous or in batches, synchronous or asynchronous, horizontal or vertical. Each
move should be examined for the characteristics of urgency, safety, size, weight, etc. before selecting
the technology to be used to perform the move. Singular instances should be accommodated in the most
expeditious manner, and repetitive moves must be made in the most efficient and effective manner.

One of the basic tenets of material handling is to retaiirol of the material. Inventory control
generally maintains up-to-date records on the quantity and location of material on hand. However, in a
virtual warehouseit is important to know what material has been ordered and the status. Control includes
procedures and equipment to properly handle the material.

The storage of material should be minimized. Materials are typically stored to compensate for
uncertainty in delivery systems and to allow ordering of economic quantities.

Occasionally unexpected changes in production will result in delaying the release of material to the
factory floor and that material must be stored until neelled-in-time deliverywhere parts are delivered
directly from local suppliers to the assembly line several times a day, has been proved in several industries.
Thus, the need for storage due to uncertainty of delivery has been reduced. At the same time, global
sourcing has increased. As supply lines lengthen, the uncertainty of delivery increases. The more complex
the supply system, the more likely the occurrence of an unexpected delay. In designing a storage system,
the trade-off of higher transportation cost but less inventory vs. volume discounts on purchases and
transportation, but with storage costs, must be evaluated.
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Further Information

The Material Handling Industry producesct catalogs each yeaOne povides information on the
publicationsavailable from the MHI, including all the educational material; standards andisagons;

operating, maintenance, and safety manuals; and refewergs The other povides a directory of
member companies and the producky tmandacture. Both arewvailable from the MHI Literature
Department (704) 522-8648AX (704) 522-7826.

Case Study: Manufacturing and Inspection of Precision Recirculating
Ballscrews

Toskiaki Yamaguchi, Yashitsugu Taketomi, and Carl J. Kempf

The precision and quality of the components of mechan@alas used in both industrial and consumer
products must meet high performance and durability requiremEmsmanéacturing challenges that
apply to ballscews, in general, are representatof other components such as gears, shafts, and bearings.
This case study on precision ballses illustrates bw the dfferent unit manfacturing processes
presented in this chapter apply to a particular application,amdésign and mariacturing engineering
decisions areftected by quality and cost considerations.

Many of the processing steps and fundamental techniques discussed in this case apply to the
manudacture of may other precision componentShe case study also illustrates the rationale for
continuously impoving production processes and discussesegtest for impovement that benefit from
pastexperience.

Overview of Ballscrew Design and Manufacturing Considerations

Ballscrews cawert rotary motion into linear motion. Ballsers have low friction compared with standard
leadscews, and hve enabled precise control of mechanical systems at aegldbow cost They are
usedextengvely in production machingr such as milling machines, and are being applied in other
fields, such as robotics, inspection equipment, dficecautomation equipment.

The key components of a ballssw system consist of a s shaft with a spiral gave, a nut with
a corresponding spiral goee that rides along the shaft, and balls which are captured between the shaft
and the nutA recircultation tube pvides a return path for the balls from the end of the nut. Components
in this assembly are typically made from steelyal] chosen to pride a good combination of toughness,
sufface hardness, and ease of niaatre.

Ballscrews are applied in &ariety ofways,but the most common configuration is one in which a
rotational input of the shaft imparts a translational motion to theTihet shaft is normally supported
by rotating bearings at both ends, and the translating element attached to the nut is supported by linear
guide bearings. Ballsews range in size fromrery small units with a shaft diameter on the order of
0.08 in. @mm) and a length of about 4 in. @&m) tovery lage units with a shaft diameter on the
order of 12 in. (30 mm) and a length of up t®3t (16 m).Key dimensional features which are controlled
to a high dgree of precision for an assembled ba#lacsystem are swn in Figure 13.2.20

The mairfactors in balls@w performance are accuggand lifetime Accuracyis determined primarily
by the precision of the saw lead, i.e., the linear displacement of the nut which is produced by rotary
displacement of the shalthe measurements used to assesprétisionof the lead are discussed del
To obtain dong lifetime,the shaft mustdve high suface hardness in order to withstand loads at the
shaft/ball and nut/ball intéaces. Since ballsars may be subject toariety of loading conditions, the
ballscew must possess good impact strength and toughness.

Secondary desigfactors includedw audible noise,dw static and dynamic frictionplv friction
variation, minimal backlash, high mechanicalffegss, and resistance to dirt and contaminants.
Ballscrews are often used in specialized applications, such as operatiaounm or ultracleanngi-
ronments, in corrage or dirty @wvironments, in a thermally controlledhéronment, and inmvironments
where vibrations must be minimizetb meet these demands, basic badlscdesigns are adapted to
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FIGURE 13.2.20 Key ballscew dimensions. (Courtesyf @. YamaguchiY. Taketomi, and C. Xempf.)

use special materials, $ace treatments, and toopide features such as hai shafts for coolant div
or damping materials.

Major steps in production and assembly of traditional ground badls@re summarized adlawchart
in Figure13.2.21

Initial Machining Operations

A lathe is used to establish the outer diameter of the shaft and cut thve.droboth operations, an
allowance is made for material that will be m@rad in the final grinding operationSor short shafts,
the support is mvided from the shaft centers and a single cutting tool can be used with multiple passes
to produce the desired outside diameter andwgrd-or long ballscews, the lateral deflection of the
shaft during cutting operations is sificant andvorkpiece supports are necessary &vemt deflection
of the shatft.

For long ballscews, the total processing time can becaxteemely long using multiple passes with
a single-point cutting tool. In such cases, a multiple-point tool that casveemore material on a single
cutting pass is mordfecient to use. But a multipoint cutter requires more time for setup and adjustment.
Thus, there is an economic trad&4{oetween single-point and multipoint cutting techniques.

Because of subsequent heat-treat operations, the shaft witbordimmensional changethe design
must albw for these dimensional changdsis is an area in which producti@rperience is critical.
Statistical analysis of pvious mantacturing results, together with modeling of materialdohn, is
critical to continued design and proceess imapment.

Surface Treatments

In order to withstand the loads at contact pointgerg high suface hardness is necessdt surface
hardness of Rockwell C 58-62 with a depth on the order of 0.8 tarh.is requiredior short balls@ws,
carburizationis used to évelop the necessary $ace hardnesdor longer shafts, charization is
impractical because of the size oflmaizing furnaces. In this case, an induction hardening process is
used.

Electrically heatedjas furnaces are used in thelcaizing processThe immersion in the churizing
furnace is folbwed by quenching and tempering. Duringocaizing, key parameters such as temperature
and gas concentrations are continuously monitored and adjusted by a process control system. Because
high hardness is needed only in the ballogep areas of the shaft and nut that will be subject to
subsequent machining operations are coated befdmerizamg. This coating, which is appliedkk paint,
prevents the dfusion of carbon into the material face.

For longer shafts, a fierent steel is chosen and an induction hardening process isThsegeneral
trend within the industry isotvard induction hardening since it has theadage of being a continuous
processWhen using induction hardening, single shafts can be processed immediately after machining.
Induction hardening machines require less initial capital than forbarcang system.
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FIGURE 13.2.21 Ballscrew processing flowchart. (Courtesy of T. Yamaguchi, Y. Taketomi, and C. J. Kempf.)

The shaft undergoes dimensional changes as a result of the surface heatingtraightaning
operation is necessary. Prior to straightening, the shaft is chilled in a carefully controlled manner to sub-
zero temperatures to ensure that the solid-state transformations are completed; the result is a more stable
microstructure. For straightening,specialized presgs used to measure automatically the deviation

from perfect straightness; it automatically applies loads along the shaft as necessary to restore the shaft
to near-perfect straightness.

Grinding and Finishing Operations

After surface treatment, chilling, and straightening, the outside diameter of the shaft is ground to the
final dimensions. Except for very short ballscrews, the grinding cutting forces will cause lateral deflection

of the shaft, and thus the centers in the shaft ends cannot be used as datums for final machining operations.
Consequently, the outside diameter of the shaft is ground to precise tolerances. Although the outer
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diameter of the shaft is not a functional part of the finished ballscrew, it is used as a datum surface when
the final grinding of the shaft groove is performed.

Grinding of the shaft can be done on either centerless grinders or cylindrical grinders. Since centerless
grinders take a long time to set up, they are generally used for large production runs of shafts having
the same diameter. For the case of cylindrical grinders, the shaft is supported at the centers in the shaft
ends as well as at workpiece supports along the length of the shaft. By adjusting the work rests, minor
variations in taper and bending of the shafts can be corrected. This processing step requires considerable
operator skill and experience in order to minimize variations in the outer diameter and residual bending
of the shatft.

To maintain precision and finish of the outer diameter, automatic balancing of the grinding wheel is
necessary. CBN grinding wheels are used although they are more expensive than traditional abrasive
wheels; their long life and low wear rates make them economical.

After turning the external diameter to final size, shaft end features are produced. These features include
bearing seats, keyways, flats, and locknut threads. The final finishing operation for the ballscrew generates
the ball groove. This is the key processing step in assuring that the ballscrew possesses the required lead
accuracy. If this process is not carefully controlled, there will be variation in the lead, depth of the
groove, and smoothness of the groove, causing subsequent problems with accuracy, stiffness, running
force and noise, and lifetime.

Removal of the outer layer of hardened material during outer diameter grinding can cause minor
bending of the shaft as the net residual stresses in the material change. Prior to final cutting of the ball
groove, the straightness of the shafts is checked and minor corrections made.

To maintain very high lead precision, the final groove grinding is done in a specially temperature-
controlled environment of 68 2°F (20+ 1°C). Cutting oil is applied liberally to the shaft to minimize
thermal effects due to cutting and deviations between the grinding machine and shaft temperature. As
in the case of external diameter grinding, automatic balancing is used to minimize vibrations. To further
reduce vibrations, each grinding machine is mounted on an individual base to minimize vibration
coupling between various machines. The isolation properties of the machine bases are adjusted when a
new machine is placed in service and undergo periodic inspection and adjustment during operation.

Since the size and lead of the groove varies from ballscrew to ballscrew, the grinding wheel must be
matched to the groove shape. Thus, an inventory of several types of wheels is necessary; traditional
abrasives are used since the costs of CBN wheels would quickly become prohibitive.

In general, accuracy in the groove-grinding process requires a combination of modeling and statistical
analysis. As in the case of surface treatment, the collection and analysis of past production data allows
continuous refinement of the manufacturing process.

Assembly and Inspection

The main factor in ballscrew accuracy is the lead. To facilitate a quantitative measurement of the lead,
four fundamental parameters are used. To measure the lead error, precision measurements over a long
travel range are made using computer-controlled laser interferometry.

Unacceptable variations in friction, increased running noise, and a reduction in life result from poorly
formed grooves. Thus, the depth and cross-sectional profile of the groove must fall within allowable
tolerances. Direct measurement of groove cross section is quickly performed on an optical profile
projector. Precise measurement of groove depth can be made on selected samples. The screw shaft is
supported between two centers and rotated at a fixed speed. A table carrying a contact probe moves
along the screw shatft in the axial direction synchronously with the screw rotation. The probe is placed
in contact with the groove to measure variations in the groove depth over the entire length of the shaft.
By performing a frequency analysis on the groove depth errors and accounting for the rotational speed
of the ballscrew during the measurement process, frequencies of unwanted vibrations occurring in the
production machinery can be detected and the source of the anomaly eliminated to improve the production
process.
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Even with good control of the screw shaft and nut groove diameters during production, additional
steps are necessary to obtain the desired amount of axial play or preload in the assembled ballscrew. By
selecting slightly different ball sizes, required axial play or preload can be achieved. For a given nominal
ball diameter, balls usually are grouped in steps of 20 16rd{0.5 or 1.Qum). To increase production
efficiency, assembly jigs are used.

The majority of precision ballscrews are preloaded in order to remove backlash and achieve the desired
axial stiffnes. Two methods of achieving the desired preload are used. The first preloading method
increases the ball size until the desired preload is achieved. The second method uses double-nut pre-
loading in which a spacer is inserted between the two nuts to take up the axial play and achieve the
desired preload.

The preloaded ballscrew has some running torque when the screw is rotated. The relation between
this running torque and the preload has been determined based on both theoretical and experimental
studies. Since preload cannot be measured directly, it is estimated based on measurements of the running
torque in a specialized torque-measuring machine.

A special machine is used for direct measurement of axial stiffness. In this process, the screw shaft
is clamped and an axial load is applied to the nut. A displacement sensor is fixed to the shaft close to
the nut and the relative displacement of the nut can be measured when force is applied. The measurements
of force and displacement can be plotted on an X-Y recorder to depict the stiffness characteristics of
the ballscrew assembly.

References for Case Study

Oberg, E., Ed. 197Machinery’s Handbook]9th ed., Industrial Press, New York 2044—2068.
Yamaguchi, T., 1983. Ballscrew manufacturing, and inspecfion] Eng. Mag.,June, 92-99 (in
Japanese).
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13.3 Essential Elements in Manufacturing Processes
and Equipment

Sensors for Manufacturing
John Fildes

Introduction

A good modern definition for a sensor must capture iversity of these eices A sensor is aelice
that detects or measures the stateatwe of a physical or chemicedriable and pvides the result in
a usefulway. At the minimum, a sensor contains a transducer thatects the detected or measured
guantity to another form of representatidior example, avery simple sensor is an indicator whose
color changes upon reaction with a minimum amount of a chemical species. Nonetheless, the sensors
that are normally encountered are more caqmontaining a transdugen output dispkg and possibly
supporting electronics for signal conditioning, communications, and logic functions.

Sensor technology is ungm®ing rapid change because of threeetbpments. Oneeatelopment is
the emegence of inkgrated and smart sensors, wherein transduaes ireen miniaturized, usually
through the use of silicon micromachining, andegnated with electronics for signal conditioning,
communications, and logic functiarihe second @elopment is the ongoing adaptation of nondestruc-
tive evaluation (NDE) measurements and laboratory measurements for on-line use in supervisory and
intelligent process control systerfifiese NDE and laboratory-type measurements require ratherazsompl
systems, withextensve signal conditioning and data analydike third dvelopment is also related to
the emegence of supervisory control systefke data from multiple sensors is compaey analyzed
in a process called data fusion to better identify the state of the system and the occurrence of process
faults Thus, the topic of sensors and sensory systemvsemcompasses transducersegration with
supporting electronics for communications and logic functions, data analysis techniques, and data fusion
methods.

Classification of Sensors

A good taxonomy for sensors isopided by the requirements forfffirent dgrees of process control,
which is stown in Figure 13.3.1. This taxonomy contains three classes: sensors usesjjuiatory
feedback control loops, process analyzers, and product quality analyezErgure 13.3.2 the basic
element of control is theegulatory feedback loop that maintains controllable processing parameters at
the desiredialues These types of sensors, which usuallyvfte a singlesalue and are reliaely generic
in their applicabiliy, are used for monitoringariables such as temperature, pressfiosy, level,
displacement, proximjt andvelocity. For use of sensors iregulatory control, sensitity, seledivity,
simplicity, speed, reliabilit, and bw cost are the critical athites. Historicalf, sensors were almost
solely used in this functiorut this is no longer the case. Sensors, or more properly sensory systems,
are row also used as process analyzers and product quality monitors. Sensors of this type, which are
used for feedback in supervisory control, are more ceaguhd application specific, and their output
tends to be a matrix ofalues (e.g., a video image or a spectrum). Sensors of this tggdepa
representation of the process or product that has greater information cluténtnore abstract than
the representation grided by sensors used iegulatory control.Thus, extensve computations and
modeling are needed for process analyzers and product quality seasthsye is also more ability to
correct for deficiencies in sensity and selegvity through computational means. In this case, mea-
surement speed is usually less demandihgse diferences in the three types of sensors are summarized
in Table 13.3.1

The typical egulatoryvariables are temperature, presstlmy, level, humidiy, position, and motion.
Thesevariables form the basis for maprocesdactors as summarized irable 13.3.2and the major
sensor technologies for thegariables are summarized Table 13.3.3

© 1999 by CRC Press LLC



13-68 Section 13

New Setpoints

v v

Process Process
Sensor Controller Controller Sensor
Regulatory Regulatory
Control Loop Control Loop
Process

roduct b Product D
g Jll £ j,

EN=TENF
\\ __—7 Control \\ __,/

NDE Sensor NDE Sensor

Property
Maodels < 1 Data Analysis

FIGURE 13.3.1 Regulatory and intelligent control.

Programmed Programmed Programmed

speed and feed force positions
Cutting force ‘ ‘ ‘
or power .
measurements Compensation/Adaptive

control
Speed lFeed Positioni
Interpolator

Axial commands

] )
Spindle Servo Control Loops

Control .. I:]

Drive Speed 4
feedback Drives Position
feedback

FIGURE 13.3.2 Typical CNC architecture.

Integration refers to inclusion of signal conditioning on the same substrate as the transducer. One of
the major advantages of integration is that the integrated sensor can operate with a very small transducer
output, which results in significantly smaller sensors. With the advent in telecommunications and the
Microelectricalmechanical systems (MEMS) technologies, we can integrate software, hardware, power
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TABLE 13.3.1 Characteristics of Regulatory and Intelligent Process Combl Sensors

Characteristic Regulatory Feedback Sensors Process and Poduct Sensors
Speed of response Very fast Slow
Type of output Singlevalue Matrix of values
Relationship of output to system Simple and direct Abstract representation
parameter
Amount of computation Little or none Extensve
Sensitvity Inherently high Can be impoved by computation and modeling
Selecivity Inherently high Can be impoved by computation and modeling
Cost Very low to moderate High
Size Small Large
Applicability Broad Application specific

TABLE 13.3.2 Regulatory Processing Variables

Controllable Variable Influenced ProcessingFactors

Temperature Rates of chemical reactionsggiee of cure of polymersegree of softening and
viscosity; cooking times; drying times; annealing timemyree of carborization

Pressure Consolidation density; porosity; concentration of gaseous chemical reactants;
forging; bending; injection times in molding

Flow Mix ratios; quenching time; concentration of chemical reactants; color; pH; humidity

Level Capacity; mix ratio; concentration of chemical reagents

Humidity Drying of paper and grains; cooking

Position Parts handling and placement; machining acgura

Motion Assembly; machining accura

TABLE 13.3.3 Senso Technologiesfor Regulatory Control

Variable Major Sensa Technologies
Temperature Thermocouples, thermistors, resistance thermometers, infrared pyrometers, acoustic pyrometers
Pressure Manometers, balvs and diaphragms, strain gauges, piezoresjgtiezoelectric, capabit, thermocouple,
ionization
Flow Differential pressure (orifice platéenturi, pitot tube)yelocity (turbinevortex, electromagnetic, Doppler

ultrasonic, time-of-flight ultrasonic); posie displacement (rotary slidingine, gea impeller); mass éw
(thermal, coriolis)yvariable area (rotameters)

Level Floats, pressure, radio frequgnultrasonic, miaowave, resistance tape, optical

Humidity Dew point, length of haj condudivity, capacitve, resonate

Position Rotary encode linearvariable diferential transforme potentiometers, magnetostiig, magnetic,
inducive proximity, magnetic, ultrasonic

Motion Tachometers, pitot tube, anemometers

source, and communications on the same.dfaple 13.3.4lists the aslantages and disaantages of
integrated sensors.

TABLE 13.3.4 Characteristics of Integrated Microsensors

Characteristic Advantage/Disadvantage
Batch fabrication Excellent control,dw cost, sensor arrays
Loss of modularity Difficult to package and limitations on materials
On-chip amplification Better signal-to-noise ratio
On-chip compensation Better accurey through compensation for interferences
On-chip feedback Better linearity
On-chip scaling and ewersion  Standardized output
On-chip multipexing Sensor arrayqyus addressable
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Smart sensors are defined as those that also include logic functions, rather than just signal-conditioning
electronics. Smart sensors may also include communications ¢iralitgnostics, and sometimes
control outputs so that ¢ can be directly connected to actuators, and documentation and trending
functions. Coventional pressure sensorwé rather broad accusalimits, such as 0.25% of span. High-
end smart pressure sensosehan accurgy of less than 0.1% of span, and mid-range smart pressure
sensors approach this acayraSmart pressure transmitters are alrea@jlable withbuilt-in propa-
tional-integral-deivative control functions, and fuzzy logic capabilities will soondaailable. Multi-
variate measurement is not yeilable,but will become so soon. Moskély, pressure and temperature
will be the tvo measurements. Smart sensors are alatable for presence detection, positioning,
infrared photodetection with triangulation, aftelvmeters, specifically magnetic meters, Coriolis mass
flowmeters, and ultrasonftowmeters. Inéggrated and smart sensor technology is alsoawipg accel-
erometers, proximity detectors, and tactile sen3drs use of iragrated and smart sensors will increase
because of theverloading of shared resources and the use oflditgd control schemes to selthis
problem.

Use of Sensors in Supervisory and Intelligent Control Systems

As stown in Figure 13.3.1, supervisory control augmenggulatory control by using process analyzers
to better characterize the state of the process and sensors of product characteristics to assess the outcome
of the process and to determine corrections for unacceptedibtichs These corrections are then
implemented by theegulatory controllersThere are ny ways in which supervisory control can be
implementedA commonway is to measure important aspects of the process and the product perfo
mance, and to use a model to relstiations in processing parametersvariations in product
performance.

Process analyzers are central to enabling supervisory control becguakiotth a more accuratéut
abstract, representation of the state of the pro@ésse dvices augmentegulatory control by moni-
toring other importanvariables in the procesbut ones which are generally not directly controllable.
Use of process analyzersopides impoved reliabiliy, flexibility, predictve diagnostics, ease of use,
and central data collection with process documentation, trending, recipe handling, and statistical quality
assurance. Process analyzers ang nsed for monitoring important procegases such as oxygen,
carbon monoxide and dioxide, oxides of nitrogen and suliod hydrocarbongor liquids, process
analyzers arevailable for pH, conduatity, redox potential, disseéd oxygen, ozone, turbigltspecific
ions, and may organic compoundsThe measurement techniques are summarizédhle 13.3.5

TABLE 13.3.5 Proces Analyzers

Process Analyze Technology Typical Uses

Electrochemical (potentiometric, Gases such as carbon monoxide and dioxide, oxides of nitrogen amgdasudfu
amperometric) hydrocarbons; species in liquids such as digsbbxygen, pH, redox potential,
specific ions, manic compounds, imganic compounds
Chromatography (gas and liquid) Gases such as CO and £6pecies in liquids such as alcoholaydts, lipids,
polymers, and otherrganic compounds

Infrared spectroscopy Near infrared — web processes for thickness, compositiovergolcoating
Mid-infrared — chemical and petrochemical processes, polymers, food processes
Ultraviolet/visible Gases and liquids including all elemental halogens, otheganis, aromatics,

carbayls, many salts of transition metals

Traditionally, process analyzersate been stand-aloneadces with a single sensor and a dedicated
operator intdiace The trend isdward modularyg, multiple sensors, and digital communications so that
process analyzers can be incorporated into kig&d control systems in an open architecture control
environment. Smart sensor technology is also turningyextional sensors into process analyzArs
good example is povided by smart infrared temperature sensttese sensors @ride sample and
hold, correction for reflected radiation when the eiwiigsof the taget is less than one and its temperature
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is lower than ambient, analog outputs for control, digital outputs, trend analysis, and area sampling with
line scannersThis functionality has made temperature mapping dasas in furnaces practical and is
used in annealing of aluminum, steel reheating,aved drying of webs such as pape

Another trend is the use of sensor fusion, where information from multiple sensors is combined to
improve the representation of the process. Sensor fusion techniques can use mechanistic models, statis-
tical models, or artificial intelligence techniques, such as neuraloriet, fuzzy logic, andxpert
systems. Sensor fusionguides more reliability because thalidity of the data of each sensor can be
assessed from the other sensors, and if a sen$aultg its value can be predicted from the other
sensors. Sensor fusionopides a better representation of the process because it captures the interrela-
tionships that ofteexist between processingriables, which are treated independently without sensor
fusion.

As shown in Figure 13.3.lintelligent controlivolves the use of product quality sensors. Of the three
classes of sensors discussed in this section, these sensors tend to be the masacdmplide the
most completebut abstract, representation of the state of the product. In some cases, the same technol-
ogies are used for product quality sensors as for process analyzebsiousexamplewould be where
chemicals are reacted without a change of state. In other cases, specialized product qualityagensors h
emeaged. Table 13.3.6 lists some of the product quality sensors that are being used or are being
experimentallyevaluated.

TABLE 13.3.6 Product Quality Sensors

Sensor Applications
Time-of-flight ultrasound Either thickness or elastic constants, if the other avkn
Electromagnetic acoustic transducer (EMAT) Either temperature or elastic constants, if the other ag/kn
Eddy currents Electrical condugtity, magnetic permeabijif thickness, temperature,

presence of #ivs
NMR (high resolution for liquidsplv resolution  Composition of chemicals, petroleum, foods, polymers, fibers
for solids)
Infrared and Raman spectroscopy Degree of cure of polymers

Computer Control and Motion Control in Manufacturing
Yoram Koren and M. Tomizuka

Computerized Numerical Control Architecture

A typical architecture of a CNC system consists of theesld, as sbwn in Figure 13.3.2At the lowest

level are the axial seocontrol loops and the spindle contrell€hese samloops are closed at high
sampling rateThe interpolator that supplies the axial position commands to the control loops is at the
intermediatedvel of this architecturéit the highestavel are the compensation algorithms for the errors

of mechanical hasdare deficiencies, such as machine geometry errors and thermal deformation of the
machine structut€elhis level also includes addpe control algorithms that adapt the machine feed and
speed to the cutting tool amibrkpiece material to maximize machine prodiitt at rough cutting and
maintain precision at fine cutting.

CNC Part Programs

The CNC sofivare consists of a control program and part progrdrme numerical data which are
required for producing a spéici part by a CNC machine is calleciart program The part program

is arranged in the formf dlocksof information, where each block contains the numerical data required
to produce oneegment of thevorkpiece. Each block contains, in coded form, all the information needed
for processing aegment of theworkpiece: the egment shape and length, its cutting speed, feed, etc.
Dimensional information (length, width, and radii of circles) and the contour shape, (Gineala, or
other) are tken from an engineering @ving. In NC, dimensions aravgn separately for each axis of
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motion X, Y, etc.). Cutting conditions such as cutting speed, feed rate, and auxiliary functions (coolant
on and &, spindle direction, clamp, gear changes, etc.) are programmed according¢e $aish and
tolerance requirements.

The part program contains the required positions of each axis, its direction of motivelauitt,
and auxiliary control signals to relayBhe controller generates an internal signal indicating that the
previous ggment is completed and that thewblock of the part program should be reBlde controller
also operates theides attached to the machine leadssrand redees feedback signals on the actual
position andvelocity of each one of thexes.

In CNC systems the part dimensions axeressed in the part programs byegdrs. Each unit
corresponds to the position resolution of thesaof motion and is referred to ag thasic length-unit
(BLU). The BLU is also kown as the “increment size” or “bit-weighaind in practice it corresponds
approximately to the accuaof the systemiTo calculate the position command that the computer sends
to the CNC machine, the actual lengthiigdied by the BLUvalue.For example, in order to ove 0.7
in. in the positre X direction in a system with BIL= 0.001 in., the position commandXs+ 700.

In the first generations of CNC systems, dimension wieengn part programs by BLUs, as in NC.

In new CNCs, fowever, dimensions, or desired cutter positions, avergin a normalvay, as to aegular
compute. The commaml X — 0.705, forexample, will nove theX axis the egaive direction by 0.705
in. The resolution by which the dimension commands arengdepends on the system BLU.

In addition to cutter positions, the part programmer must program the machining parameters such as
tool diamete cutting speedn), feed §), and depth of cutdj. The task of the part programmer is to
convert the machining paramesan ands to NC controlvariables— spindle speedN) and feed rate
(f), as sbwn in Figure 13.3.3

Machining Control
parameters variables
5 — Part » r machine
J programmer f tool
D = diameter

FIGURE 13.33 Conversion of machining parameters to conirafiables.

Point-to-Point and Contouring Axes of Motion

CNC systems consist ofvd functional types: point to point (e.g., drilling machine) and contouring or
continuous path (e.g., milling machine).

Point-to-Point SystemsThe simplesexample of a point-to-point (PTP) CNC machine tool is a drilling
machine. In a drilling machine thveorkpiece is mved along the>es of motion until the center of the
hole to be drilled igxactly beneath the drilThen the drill is automatically oved bward theworkpiece
(with a spindle speed and feed which can be controlléicent), the hole is drilled, and the drillores
out in a rapid taverse feedThe workpiece noves to a ew point, and the ave sequence of actions is
repeated.

In a PTP system, this system requires only position counters for controllifigahposition of the
tool upon reaching the point to be drilléiche path from the starting point to tfieal position is not
controlled The data for each desired position igseg by coordinatealues. Hwever, in high-speed
drilling applications, such as the task of single-spindle drilling of an engine block, a control loop is
needed to control the acceleration and deceleration of the mitiewigital signal processing technique
has been used to control the settling time of the motion systewerfpfast PTP motion profile (1 to
4 g) so that the spindle could perform drilling operations without breaking theAdlilear mota-
based machine tool has bdwmrilt and demonstrated/®norad Corp. (Hauppauge, NY) féord Motors
engine machining line.
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Contouring SystemsIn contouring, or continuous-path, systems, the tool is cutting while the axes of
motion are moving, as, for example, in a milling machine. All axes of motion might move simultaneously,
each at a different velocity. When a nonlinear path is required, the axial velocity changes, even within
the segment. For example, cutting a circular contour requires a sine-rate velocity change in one axis,
while the velocity of the other axis is changed at a cosine rate.

In contouring machines, the position of the cutting tool at the end of each segment together with the
ratio between the axial velocities determines the desired contour of the part, and at the same time the
resultant feed also affects the surface finish. Since, in this case, a velocity error in one axis causes a
cutter path position error, the system has to contain continuous-position control loops in addition to the
end point position counters. Consequently, each axis of motion is equipped with both a position loop
and a position counter. Dimensional information is given in the part program separately for each axis
and is fed to the appropriate position counter. Therin@npolator, in the controller, determines the
proper velocity commands for each axis in order to obtain the desired tool feed rate.

Interpolators. In contouring systems the machining path is usually constructed from a combination of
linear and circular segments. It is only necessary to specify in the part program the coordinates of the
initial and final points of each segment and the feed rate. The operation of producing the required shape
based on this information is termederpolation and the corresponding software algorithm in CNC is
theinterpolator. The interpolator coordinates the motion along the machine axes, which are separately
driven, to generate the required machining path. The two most common types of interpolators are the
linear and circular. Parabolic interpolators are also available in a few CNC systems which are used in
the aircraft industry.

Linear interpolator: The ability to control the movement along a straight line between given initial
and final coordinates is terméidear interpolation Linear interpolation can be performed in a plane
(two dimensional), using two axes of motion, or in space (three dimensional), where the combined
motion of three axes is required. In this chapter only two-dimensional linear interpolators are discussed.
To illustrate the interpolator function, consider a two-axis system, where a straight cut is to be made.
Assume that th& axis must move units at the same time that theaxis movegj units. The contour
formed by the axis movement has to be cut with a feed rtdenfgth-units per second (e.g., mm/sec).
The numerical data qf, q,andV are contained in the part program and are fed into the interpolator.
The interpolator then generates two velocity sighglandV,, where

Y= P
VPTtq
and
VV: SV 2
vPT+Q

The position reference inputs to the axial control loops are
R, = V,t
and

R, = Vit

As seen, the two-dimensional linear interpolator supplies velocity commands simultaneously to the two
machine axes and maintains the ratio between the required incremental distances.
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Circular interpolator: The twvo most common interpolators in CNC systems are linear and circula
The circular interpolatoreliminates the need to filee many points along a circular arc. Only the initial
and final points and the radius are required to generate thEharcircular interpolatoridides the arc
into straight lines with a contour error smaller than one BLU. It operates on aivétdrasis, where

Y
A

X(i+1), Y(i+1)

Ermor

X(i), Y(@)

» X

FIGURE 13.34 A circular interpolator tvides the arc to straight lines.

for a gven point,x(i),Y(i), a small incremental angle is added to calculate ¢ghepoint, as sbwn in
Figure 13.3.4.

Both the linear and circular interpolators are based on generating incremental p@sgigns
seconds, wher& is the sampling period of the CNC systéiypically, CNC systems operate on one
common sampling period for both the interpolator and the control loops. In these systems| & typica
may be between 1 and 10 msec. Some other CNC systems utilize a separate computer for the interpolation
and another one oegeral microprocessors for closing the control loops.

Motion Control Systems

Contol Loops. A typical closed loop of a CNC machine isosim in Figure 13.3.5 The computer
compares the command and the feedback signalsiees] §y means of a digital-to-analogeerte,

a signal representing the position error of the system, which is usenaédatdr DC seromota. The
feedback dvice, which is an incremental encodarFigure 13.3.4,is mounted on the leadsar and
supplies a pulsating outptithe incremental encoder consists of a rotating digkied into sgments,
which are alternately opaque and transpavemthotocell and a lamp are placed on both sides of the
disk. When the disk rotates, each change in light interfaiting on the photocell prides an output
pulse The rate of pulses per minuteopided by the encoder is proportional to theolutions per minute

of the leadsa@w.

Table

ncoder

Controler fjim{ DAC -] PC L] Gear

motor]

Leadscrew

FIGURE 13.35 Closed loop of CNC.

Normally, the motor is mechanically coupled to the load viaieednechanismior example, robot
links and positioning tables are loads. It is usually a good assumption to ignore the dynamics in the
current feedback loop andgard the command current as the actual current, which sets the torque input
to the mechanical portion of the system. Notice that the inertia and bearing friction of the motor must
be considered as a part of the mechanical portion of the motion control system, which stflueglges
the design of theelocity and position loop feedback controlleFeese controllers can be implemented
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in either analog or digital form. In recent years, digital implementation on microprocessors and/or DSPs
has become popular, and digital velocity and position controls are often referratigitedservo.The
current feedback is usually built into the “drive” (power amplification system). While feedback signals
for the velocity and position controllers are usually obtained from the motor, the velocity and position
of the load, e.g., a positioning table, at the opposite end of the drive mechanism are the quantities of
our ultimate concern. Closed-loop control schemes based on the motor velocity and position are some-
times called semi-closed-loop control schemes. The velocity and position of the load must be fed back
for full closed-loop control. Typical drive mechanisms are ballscrews and various types of gears. Several
manufacturers provide so-called direct drive (DD) motors, which are capable of delivering large torques
but with a significantly reduced maximum speed. DD motors may eliminate drive mechanisms. However,
they are heavy and may not always be the best solution depending on applications. Common sensors
for positions are potentiometers and shaft encoders, and those for velocities are tachogenerators and
frequency-to-voltage convertors (FVC), the input to which is encoder pulses. In digital servos, encoders
are popular for measuring positions, and velocities are either estimated from encoder pulses or are
obtained from FVCs.

Traditional velocity and position loop feedback controllers are of PID (proportional plus integral plus
derivative) type. The output of a PID controller is

! de(t
)= kel) Kk [ o) ek, 4
wheree(t) is the erroru(t) is the controlling input, and,, k, andk, are, respectively, proportional,
integral, and derivative control gains. The above equation represents the PID control law in the contin-
uous-time (analog) form. In digital control, the PID control law is implemented in a discretized form.
A typical discrete-time (digital) PID control law is

9= ko0 KTy o)+ ) e

wherek denotes théth sampling instance anf is the sampling period. In position loop feedback
control, e andu correspond to the positioning error and the velocity command, respectively. For the
velocity loop controller, they are the velocity error and the current command. Another popular linear
controller is the lead/lag compensator. Input-output (1/0) interfaces include analog-to-digital convertors
(A/D), decoders for processing encoder pulses, and digital-to-analog convertors (D/A). Motion control
systems can be built from components and programmed with custom software, they can be purchased
as plug-in boards for various buses, or they can be purchased as packaged systems.

PID and lead/lag compensators are simple and utilized in many applications. However, they alone
might not be adequate for problems where the performance requirements are stringent. Extreme care
must be taken during the design of a closed-loop control system. By increasing the magnitude of the
feedback signal (e.g., more pulses per one revolution of the leadscrew), the loop is made more sensitive.
That is known as increasing the open-loop gain. Increasing the open-loop gain excessively may cause
the closed-loop system to become unstable, which obviously should be avoided.

The basic nature of “feedback” control is that the control action is based on the error. When the
reference input for the position loop is fixed, the integral action may assure zero error at the steady state.
In tracking control, however, the position command is continuously varying, which combined with the
dynamics of the closed-loop system makes tracking errors always remain. For example, in contouring
of a circular arc in machining, the command position signal for each motion control axis is sinusoidal.
Such an operation is essentially a test of the frequency response of the motion control axis. The controller
is normally tuned so that the frequency response gain is close to but is not exactly 1 in the operating
range. In high-speed contouring operations, corresponding frequencies are high, and the gain is normally
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below unity. Then, the actual diameter is slightly smaller than the desired diaifieie consequence
is often called the radial reduction err®uch errors may be reduced by applying the disturbancesebser
scheme to the position loop.oiever, the disturbance obsar is still a feedback controtleand one
sampling time delay in digital implementation further diminishesffectveness.

The following discussion describes some principles of motion control systems for PTP machines and
contouring machines.

Contol Loops for Point-to-Point Systemdlhe control loops of PTP systems are designed to control
the position of the machine toakes. Each axis iseparatelydriven and should fadv the command
signal The system design starts by selecting the type of control: open loop or closed loop, a decision
which depends on the required sfieations of the NC system and econoi@pen-loop controls use
stepping motors as theide devices of the machine tabl&he dive units of the stepping motors are
directly fed by the controller output pulséhe selection of the appropriate motor depends on the
maximum torque, requiregelocity, and step size in the system. Stepping motors can be implemented
on small-sized PTP systems in which the load torque is small and constget. R&P machines and
contouring systems utilize closed-loop control systems.

In PTP systems each axis isvéin separately at the maximumaalbble velocity. This velocity
depends on the ide type and on the mechanical structure of the particular machined ofactaning
system. In order tevoid large overshoots thevelocity is decelerated before thegat point in which
the tool starts to operate (e.qg., to drill). Since the path between the points isicesigthe deceleration
is accomplished in each axis sepanatel

In practical systems the deceleration is accomplished by three. étaggisal three-stage deceleration
diagram of one axis of the table is/gn in Figure 13.3.6 The table mves at rapidvelocity V until
reaching a distance, from the taget point, where the table is instructed tovenat smallewelocity
V,. After a time delg, which depends on the system inertia, the talbeesiat a ew velocity V; until
reaching a distance &f, units from the teget point, where gain thevelocity is reduced t&/,. When
the table is at a distancé lo, units before the tget point, thevelocity is reduced once more and the
table “creeps”dward the final point atery low velocity V;, and subsequently stops.

» 2nd speed Stop
slowdown —
1st speed slowdown 3rd S(gwd
Speed of table |———p siowdown
¥ / Y
¥ o
V)
NG 1 Vs

I 0
57 N7 I3 13 L2 L1

FIGURE 13.36 Deceleration procedure in a PTP system.

Contol Loops for Contouring Systemslhe control in CNC contouring systems operates in closed
loops, which compare the command pulses from the interpolator with the feedback signal from the
encoder or the res@r. The most sophisticated design applies to the closed-loop control of contouring
systems. In the design of these loops, the transfer function of each elemefitsnbst determined,;
the system is then set up in block diagram form, @amaly the loopgain is established based on
performance analysihe transfer function of each element is based upon its mathematical model. In
establishing the mathematical model the engineéaded with a compromise betweaccuracyand
complexiy, on one hand, anabproximationandsimplicity, on the othe In this section we shall discuss
simple models, in which the principles of design can be readily illustrated.

The control loops of contouring systems are usually of the closed-loop typaasiskigure 13.3.7
They use wo feedback evices: a tachometer that measures the motor speed and is included imethe dr
unit and a position feedback transducer which is capable of also measuring thelaoiig (such as
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an encoder, resolver, or inductosyn). In encoder-based systems the encoder is mounted on the leadscrew
and emits pulses; each pulse indicates a motion of 1 BLU of axis travel. Therefore, the number of pulses
represents position and the encoder pulse frequency is proportional to the axis velocity.

Comparator Drive unit

Velocity

Sor Amp. I—I Motor

Feedback signal

FIGURE 13.3.7 Control loop of contouring system.

Error Sources in CNC Systems

Despite the high precision of the CNC equipment, it still has position and contour errors. Error sources
in CNC machines are classified into three categories:

1. Mechanical Hardware Deficiencies

» Orthogonality of machine axes

« Straightness of the machine axes

* Thermal deformation of the machine structure

« Backlash in the gears and leadscrew nuts

* Uneven leadscrew pitch

« Friction in moving components (leadscrews, guideways, etc.)

2. Cutting Process Effects

 Tool deflection due to cutting forces

* Large vibrations and chatter

* Tool wear

» Workpiece thermal deformations

» Workpiece deformations due to cutting forces

3. Controller and Drive Dynamics

« Disturbances due to cutting forces

« Disturbance due to friction forces in the machine guideways

 Contour errors caused by tracking errors of nonlinear contours (e.g., circles)
 Contour errors caused by mismatch of equivalent parameters in the axial controllers
» Corner errors in contouring operations

In general, errors of the first type, such as machine geometry errors and thermal deformation of the
machine structure, can be compensated for by the machine controller. To further understand the mea-
surement of errors, the next section will examine the metrology for precision engineering.
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Metrology and Precision Engineering
Kam Lau

Introduction

Precision engineering in manufacturing generally refers to the engineering processes of achieving tighter
tolerances or dimensional accuracy of a design. The process of precision engineering begins from the
partdesign partfabrication,and, finally, parinspection This section addresses some of today’s precision
engineering considerations in fabrication and inspection.

Factors in Precision Engineering

The fabrication process is a material transformation process that determines the final part dimensions
through material forming, removal, or insertion. Precision in the fabrication generally refers to the
dimensional “repeatability and accuracy” of a part transformed under such a process. The factors to be
considered to ensure good “precision” are (1) errors ofmi&ehinesystem(s), (2) thenvironmentn

which the machining is being performed, (3) thenufacturing processnd (4) thenstrumentatiorto

verify the performances of the factors.

Machine Errors. Machine errors can be classified into geometric, thermal-induced, dynamic, and
structural errors. Geometric errors are errors related to the undesirable machine geometry caused by
nonorthogonality (squareness error) of axes, linear positioning (or scale) error, reversal (or backlash)
error, straightness error, pitch, yaw, and roll errors of a machine axis during a linear move. If the machine
is equipped with a rotary table, geometric error would include axis wobble, rotational positioning error,
eccentricity, and parallelism errors.

Geometric Errors:Geometric errors are much better understood in the machine industry than the
thermal, dynamic, and structural errors. The techniques and instruments to check for the geometric error
are very well established and are commonly applied in the machine tool industry. However, for small-
to medium-size machines, geometric errors constitute only about 25% or less of the total manufacturing
error. For larger machines, the percentage can go as high as 50%. As such, just knowing the geometric
errors of a machine system may not be adequate in the realization of the total manufacturing error.

Traditional devices for measuring different types of geometric errors are the mechanical square,
straightedge, autocollimator, electronic level, step gauge, optical polygon, and dial indicator. In some
instances, the combined use of these devices is needed. Newer instruments that can offer faster and more
precise measurements are the laser interferometer system, the 5-D laser interferometer system, and the
telescopic ballbar.

Thermal Errors: Thermally induced machine error is considered one of the key factors affecting the
accuracy of a machine tool. Thermally induced errors arise as a result of nonuniform heat generation
within the machine such as in motors, bearings, and guideways; heat generated during the cutting process;
and the coolant effect as well as the environmental effect resulting in the uneven growth of the machine
structure. Thermal error can contribute as much as 50% of the total manufacturing error in small- to
medium-size machines. However, this effect has been largely unrecognized or often ignored by the
machine tool industry until recently.

There are basically two alternatives to monitor the thermally induced errors — intermittent and
continuous monitorings. Intermittent monitoring generally involves the use of a touch probe or dial
indicator(s) to periodically measure against one or multiple fixed positions as the machine is going
through a thermal exercise. In the case of the dynamic spindle thermal study, an artifact such as a sphere
or a rod can be mounted on the spindle while it is running at a certain speed. At some elapsed time
(e.g., 1-min interval), the spindle will stop momentarily and the machine will reposition the artifact to
the dial indicator(s) to check for the repeatability. Any deviations from the initial position (i.e., cold-
start position) are considered as thermal growth due to the spindle warm-up. A typical spindle thermal
test takes about 4 to 8 hr to complete. A similar procedure can be applied for the environmental and
servomotion-related thermal growth measurements.
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The continuous thermal growth monitoring generally involves the use of some noncontact sensors
such as capacitance gauges, optical sensors, or inductance sensors arranged in the similar fashion as
above. The benefits of continuous monitoring are that there is no interruption of the spindle dynamic
and that the machine positioning repeatability does not necessarily interfere with the results. Furthermore,
the noncontact nature generally allows the spindle to operate at any speeds, thus giving a much broader
range of thermal assessment.

Laser interferometer systems are also used occasionally to monitor thermal growth effects. Because
of its ability to identify the growth along the entire axis, the laser measurement is better suited for
monitoring the growth of a linear-scale system caused by internal or external heat sources. Linear-scale
error caused by axis movement is about one fifth that of the spindle thermal in medium to small machines.
Itis even less in larger machine since the heat dissipation effect in larger machine is much more effective.

Dynamic Errors: Dynamic errors here refer to those caused by the motions of a CNC machining
center. These includes the servo-gain mismatch, servo-stick-slip, servo-oscillation, controller error, etc.
Errors pertaining to tool chattering, structural deformation (caused by machine carriage acceleration and
deceleration), machine/part deadweight, etc. are considered structural errors and are discussed in the
later section.

Servo-gain mismatch is often caused by the electrical (or computer) gain setting of one axis not
matching the other. The problem is not severe when the machine is primarily used for static positioning
purposes, such as drill, boring, etc.; however, it can be a problem in precision contour milling when two
or more axes are to be used in synchronization with each other. The magnified elliptical error is caused
by one axis responding faster than the other in reaching the commanded positions. Servo-gain mismatch
can easily be corrected in a routine machine maintenance.

Structural Errors:Structural errors include tool-chattering error and structural deformation error (due
to acceleration and deceleration of the machine carriage, the deadweight distribution, the cutting force,
etc.).

Tool chattering generally affects the machinability and surface finish of the workpiece, not the
dimensional accuracy. Structural deformation caused by the acceleration and deceleration of the machine
carriage and workpiece is rather insignificant for quasi-static positioning and slow-speed contouring.
However, the error can be significant if the contouring speed is high. Another major contributor to the
structural error is the cutting force. An excessive amount of cutting force can cause the spindle axis, the
tool, the fixture, and the part to deform.

A good device to gauge the potential structural error is a compliance system. A basic compliance
system consists of a load cell and a dial indicator, which are set up between the machine table and the
spindle. The table is programmed to move in small increments (e.g., 5 mm) in either directions of the
load cell. The readings from the load cell (force) and the indicator (actual displacement of the table) are
then recorded at every increment. A compliance chart can then be obtained by plotting thé-forces (
against the differences between the actual and commanded displacé»mgnié the table (i.e.F vs.

DD).

Another type of structural error for large machines is from the machine foundation error. Most large
machine bases are built in sections. These sections are then aligned, assembled, and anchored together
to a common reinforced concrete foundation. As such, the foundation becomes part of the machine
structure and the accuracy and repeatability of the machine are therefore heavily dependent on the
stability of the foundation. It is not unusual to find the performance of the machine degraded as a result
of floods and earthquakes, and loosening of anchor supports due to prolong use or lack of maintenance.

Errors Introduced by Environmental Effects.For the manufacturing plants that have little or no con-
trol of the plant environment, environmental effects can be very significant sources of errors. Two of
the most dominant environmental effects are thermal and vibration effects.

Thermal Errors: For many nontemperature-controlled manufacturing plants, it is not unusual to
observe a total temperature swing oPRRQhroughout a day of operation. This wide fluctuation of
environmental temperature can cause significant accuracy and repeatability problems to the machining
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systems, as well as theorkpieces. Een in a sorawhat controlled mevironment, thermal errors can still

be a major problenfor instance, if the machine is located in the vicinity of a frequently operated bay
doar, where there is a substantial temperatufferdince between the plant temperature and the outdoor
temperature, or if it is placedext to a heat source such as a wel@é@ electric lwer orexhaust, a
hydraulic pump, or under direct sunlight, the heat source can still cause tremendous localized thermal
distortion of the machining system.

In most cases, one can reduce the localizedrenmental thermal féect by isolating the heat
sources with simple panel shielding or by relocating the machines. dfanll plant temperature
control is unactavable or impractical for economic reasons, one may consider (1) applying localized
thermal control of certaikey machining systems or (2) implementing computer thermal compensation
techniques.

Vibration Emors: Environmental vibration error is a result of one or mexternal vibration sources
affecting the structural stability of the machine systdimis type of error can be sidiant if the
machining system is locateext to a hevy punch press operation or where frequent forklifting operation
is present. Using a spindle analyzer or a laser interferometer system to access the amount of the
environmental vibration error is common.

Other Erors: Other types of mvironmental errors are the interference or instability of the electric
power source, théactory-supplied pneumatic amgidraulic pressures, air pressure, and hupiditc.

These types of errors may be of lesser magnitude than dle; dbwever, it is dways good practice
not to underestimate their potentifleets in ay precision maniacturing considerations.

Errors Introduced by the Manufacturing Process .

The magnitudes of these types of errorsvery much dependent on the process control and manu-
facturing practices implemented by eachivitlial plant. In general, the concerns in this area are the
effects of the coolant on theorkpiece and the machine structure, the pallet andfixere, the
repeatability of the pallet and tool changend the tool deflection in mafiacturing.

Coolant EffectsEighty percent of machining uses coolant, sometimes referresiatetanachining.

In most cases, the coolant temperature is not contréecmaller machining systems, a small coolant
tank can be foundatt to the machingror larger machines, ailige coolant tank can be found underneath
the groundThe main purposes of the coolant in machining are (1)pfeering the cutting temperature
and (2) for chip remwval. As the coolant is being egcled during the machining process, its temperature
graduallywarms up This significant increase in temperatuffeets theworkpiece dimensions since the
workpiece temperature before machining is generally at room temperature. ittitapallet dimen-
sions are alsoffected.

Tool and Fixtwe: The conditions of the pallets, tools, dindures often gvern the repeatability of a
manuacturing systemThese components should be dteztroutinely for wear and chipping. Fixtures
and clamping evices should be routinely chiead to ensure that proper clamping forces can be applied
and that contact sfaces are in good condition. kjaof these checks can be accomplished visually or
by performing dial indicator repeatability checks.

Whenexces$ve cutting force isxpected, it is necessary to consider the maximum possible amount
of the tool,workpiece, and fixture deflections resulting from the folldee amount, if itexceeds the
manudacturing tolerance, should be reduced by either reducing the depth of cut or the feed rate or by
strengthening the tool arfikture A compliance system is a good qfiali to measure the tool deflection
under load.

Instrumentation and Inspection in Precision Engineering
This section introduces the instrumentation often used in precision engineering.
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CNC Machining Performance Evaluation

The American National Standards Instituteveloped ANSI B5.54 Standes for CNC Machining Center
Performance Evaluatioffor the purpose of priding detailed guidelines for machine tool users and
developers toevaluate and compare the performances of CNC machining systémsStandads
delineates procedures for the measurements of the machinendnathreental errors as stated in the
alove, as well as choices ofr@ntional and state-of-the-art instruments used in doing the measurements.
Experience indicates that these measurements are useful not only for perfoemaduration,but also
for better understanding of the sources of erfbngs information is crucial for grenive maintenance
and for accurey enhancement of CNC machine systems.

Some of th&key techniques introduced byaB5.54 Standalsare the telescopic ballbar measurement,
spindle dynamic and thermal drift measurement, laser diagonal measurement, and the 1-day test.

Instrumentation and Metrology

Telescopic Ballba The telescopic ballbar test is gradually becoming one of the noasriol and
convenient tests for CNC machining centéealuationsAs is slown in Figue 13.3.8, a telescopic ballbar
consists of a spring-suspended reedrty two spheres attached to both enfise spheres are alled

to move relaive to each other with a limitedatel, e.g., 3 tod mm. Inside the reed is a displacement
senso, known as arLVDT (linearly variable displacement transducer), that measures thveataive

of the spheresThe output of the VDT is connected to a compute

Spindle e ——
Telescopic , \\
ballbar / 360 Degree N
trace \
PSSR - - ‘\
i E
NG e -

=5 .
Machine table
=17

Y Inlerface box

Computer

FIGURE 13.38 The telescopic ballbba

To use the telescopic ballh@ne of spheres is magnetically attached to the magnetietsebich
is installed on the machine spindle; the other is magnetically attached to a second magkedtic soc
mounted on the tahl&he machine is then programmed to contour in a circleaXi X-Z, or Y-Z
plane, as stwn in Figure 13.3.8 As the contouring proceedsyaerrors of the machine in contouring
will be translated into relate noves piked up by theLVDT and instantaneously recorded by the
compute. After the machine has stopped, the computer then plots the errors on a chart for analysis.
Errors such as backlashes nonsquareness, scale mismatchpsgain mismatchgyclic motion, stick-
slip, and certain straightness errors can be readily detected by using a telescopic ballba

Laser Interfeomete. A laser interferometer system can produce measurements pertaining to the linea
angula, straightness, and squareness errors of a machine systamay in the mantacturing industy,

laser interferometer measurements are considered as the primary calibration starmleeds, it is
important that when using a laser interferometes proper procedures are foled. Precautions should
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be taken when using a laser interferometer system: avoid setting up the laser in areas where large air
turbulence is present; set up the laser to minimize the cosine error and Abbe error; beware of the
environmental effects (i.e., temperature, pressure, and humidity) to the laser accuracy; and understand
the material parameters (i.e., material temperature, coefficient of expansion, etc.) to the measuring
accuracy. In the event that these effects are significant, it is necessary to compensate for them in the
final results.

Setting up a laser interferometer system for machine measurement can be very tedious and sometimes
frustrating. It is not unusual to take 2 to 3 days to measure all linear, straightness, angular, and squareness
of a mid-size three-axis CNC machine (referred to as 21 parameters measurement). A new laser system
known as the 5-D laser interferometer system, developed by Automated Precision, Inc. (Gaithersburg,
MD), has the capability of measuring five degrees of freedom Xi.edY, dZpitch, and yaw) simul-
taneously in one single setup. In contrast, the 5-D system is able to cut down the measuring time to 3
to 4 hr.

A laser interferometer system should not be confused with an alignment laser system. A laser
interferometer system works on the polarized light interference principle and can produce precision to
within a tenth (or better) of a wavelength of light (i.e., 630 nm for an HeNe laser). By using the same
measuring principle, a laser interferometer system can also generate angle measurements to within 0.1
arc-sec. An alignment laser works on beam-pointing effects and combines the measurements with a
photodetector for straightness and angle measurements (not linear measurement). In this case, the laser
beam is used as a straightedge. Unless the electro-optics elements are used carefully, the accuracy is
much lower than that of a laser interferometer system. Although alignment lasers are commonly used
in machine alignment, it should not be construed as a precision calibration standard.

Spindle Analyzer.A spindle analyzer can be used to measure several important parameters of a machin-
ing system. These include thermal growth of a machine resulting from environmental variations (i.e.,
temperature, vibration, etc.) and internal heat sources (i.e., motors, spindle bearings, hydraulic systems,
etc.), spindle dynamic errors resulting from a worn or contaminated bearing, and machine axis repeat-
ability.

For advanced applications, it is recommended that the sensors be of noncontact nature since contact
sensors can create problem when measuring a high-speed spindle in motion. The noncontact sensors
can be optical, capacitive, or inductive. They all have their advantages and disadvantages dependent on
their applications. Users should consult with the manufacturers before making their selections.

Other Metrology Instruments.The above-mentioned metrology instruments represent some of the latest
and most commonly used instruments in the manufacturing industry. Other instruments that are also
used frequently are electronic autocollimators, electronic levels, force gauges, temperature sensors,
vibration sensors, dial indicators, proximity sensors, mechanical straightedges, step gauges, precision-
indexing tables, etc. One should not, however, overlook the benefits offered by some of the latest data
acquisition and data analysis software packages such as the SPC (statistical process control). Of course,
the proper selection and use of any instrument are keys to a better understanding of the factors in
precision manufacturing.

Inspection System and Metrology

The direct-computer-controlled coordinate measuring machine (DCC-CMM) has been the dominating
means for final workpiece dimensional inspection in the manufacturing industry since the early 1980s.
Since then, several advanced dimensional measuring devices have also been developed and are gaining
wide acceptance in industry. These are the high-speed laser tracking systems and the manually operated
measuring robots. There is also a growing interest in the manufacturing industry to reduce the off-line
inspection process (i.e., CMM-type applications) by performing some of the inspections on the CNC
machining system. This is referred to as on-machine gauging. This section will discuss some of the key
considerations related to the use of these advanced inspection systems.
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Laser Tracking Interferometer Systerihe laser tracking interferometer system (LTS) was developed

at the National Institute of Standards and Technology (NIST) in the mid-1980s for medium- to large-
dimensional inspections. It was then commercialized and introduced to the industry in late 1989. Since
then, the LTS has been gaining popularity and is becoming one of the dimensional measuring standards.

Through the combination of a precision dual-axis gimbal, a laser interferometer system and an optical
target (i.e., a retroreflector), the laser beam is precisely directed to the target through the manipulation
of the gimballed mirror via the control computer. As the beam is sent back to the laser by the target, it
is partially deflected to a dual-axis photodetector. The beam position is then interpreted by the computer.
As the target moves, the photodetector immediately generates an error signal to the computer which
drives the mirror to ensure the beam stays locked onto the target. While it is tracking, the computer
acquires the laser measurement and the two angle measureaantsb(angles) of the mirror and
computes for the three-dimensional position of the target.

The advantages of the LTS are that (1) it is considered one of the most accurate large-dimensional
coordinate measuring devices with an accuracy of better than 10 ppm (i.e., 100 mm at 10 m); (2) it has
a very measurable envelope — 25<86C; (3) it can track a target moving at a speed of 4 m/sec; (4)
it can sample up to 1000 samples/sec; and (5) it is compact, portable, and fully automatic. It is well
suited for rapid surface scanning, jigs and fixture alignment, replacing conventional CMMs for large
structural measurements, and for large CMMs, robotic devices, or CNC machining center calibrations.

The disadvantages are that (1) when used in areas where significant air turbulence is present, the
system becomes less reliable; (2) the accuracy may be reduced when used in areas where heavy forklifting
activities are present (since the floor foundation is part of the measuring frame); and (3) the system
needs zero referencing if the interferometer beam is interrupted during measurement.

On-Machine Gauging.On-machine gauging (or in-process gauging) refers to the dimensional inspec-
tion process implemented during or after a machining cycle right on the machining system. In other
words, the machining system, retrofitted with a sensor (i.e., a touch probe), is used to serve as a coordinate
measuring machine while the workpiece is still on the machine. This concept certainly has merit since
most CNC machining systems have control, scale, and structural integrity equal to or better than many
DCC-CMMs.

The advantages of performing dimensional inspections on the same machining system are obvious:
(2) it eliminates the need of moving the workpiece to a CMM; (2) it reduces the inspection cycle time;
and (3) it eliminates realignment error should reworking the workpiece become necessary. The disad-
vantages, however, are (1) since the same machine frame is used for machining and inspection, if the
machining system has any inherent errors (such as geometric errors) which affect the workpiece accuracy,
it is incapable of detecting those errors in the inspection and (2) the machine will experience a large
degree of thermal distortion caused by the internal heats.

In order to implement on-machine inspection, it is therefore necessary to first perform geometric
accuracy evaluation of the machining system according to B5.54 Standards. All efforts should be made
to ensure that the accuracy is maintained. Second, a machine thermal growth analysis should be performed
to ascertain the limitation of the thermal distortion in inspection. In either case, a minimum rule of
thumb of four times the accuracy tolerance should be applied. New techniques of thermal and geometric
modeling and compensation of the machining system can be considered in order to achieve the inspection
goals.

Other Inspection Systemdther emerging inspection machines, such as the manually operated robotic
measuring device, stereotriangulation measuring systems, and photogrammetry systems, are also gaining
popularity in manufacturing. Although they may not offer the same types of accuracy and versatility as
the previously mentioned system, they feature a new trend of inspection requirements — portability,
agility, shop-floor hardiness, high-speed data acquisition, low cost, and powerful software capability.
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Mechatronics in Manufacturing
Tai-Ran Hsu

Introduction

Mechatronics can be defined &&:technology thatrivolves the design, mafacture and production of
intelligentproducts or engineering systemsalving mechanicahndelectonicfunctions’ Mechatronics

is a melding of wo Englishwords, mechanicaland electonics This terminologywas first used by
Yaslkawa Electronic Corp. in Japan during the 1970 original notion of mechatronicsvblved the
development and automated production of consumer products such as the Canon SLR autofocus camera
(Gilbert, 1992) The application of this technologyas soorextended to miay other consumer electronic
products that included video cassette recorders and the veethkBaly Walkman radiosThe rapid
advances of microprocessor and microcomputer technologies in the 18@&0srbadened the applica-

tions of mechatronics to all smart products and systems, ranging from common consumer products to
highly sophisticated space engineering equipment. In general, mechatronics systems engineering com-
prises a number of engineering disciplinEgyure 13.3.9illustrates interactions of the mechatronics
systems engineering with other engineeffiefds.

Elements of Mechatronic Systems Engineering
Most mechatronic products or systems consist of thewilh three modules:

1. The sensing and caot module:This modulemvolves hargvare that includes electronic elements,
electronic circuits, and the sefire that povides the commands and operation logics to all
components in an automatic control systems. BasioNa@edcomponents incledgensorqposi-
tion, velocity, acceleration) including tactile, optical, amuice; actuators(linea, rotar, voice)
driven by electrical, pneumatic, dwdraulic meansdrives (DC/AC stepper or seomotors);
encoders(optical or magnetic) and time counters. Other major components include signal pro-
cessors, amplifiers,oprer suppliers, athA/D or D/A converters. Control softare such as PLC,

PID, and other application safare are written in C, €, LISP, FORTH, and RPL programming
languages.

2. Mechanical systems and kinematic linkages modiile mechanical components in a mechatronic
system povide the means to aake the desired objdwes of the product or the system. Principal
mechanical components include gears, cams, cha&mss] shafts, pulys, couplers, bearings,
joints, andfastenersThese components are synthesized to construct mechanisms that perform
the desired motion of endfects with accurate paths, positions|ocity, and accelerations.

3. The micoprocessors and computer interface modWMicroprocessors act as the brain of the
mechatronic product or system. Principal functions of a microprocessor are to rmanags
instructions to all components such as transducers and actuators in the system, as well as 1/0
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FIGURE 13.39 The relationship ofarious modules in a typical mechatronavide.

interfacing These processors can also accept function commands from a microcomputer with
specific control and applications sefire.

A block diagram that illustrates the relationshipvafious modules in a typical mechatronic system
is presented ifrigure 13.3.10 One may imagine that the microprocessor and microcontroller module
functions as the brain, and the sensing/control module and the mechanical systems module each function
like the respente senspneive system and the body and limbs in the human aryatom
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13.4 Design and Analysis Tools in Manufacturing

Computer-Aided Design Tools for Manufacturing
David C. Anderson

Introduction

Computer-aided design (CAD) tools for manufacturing are computer programs that evaluate producibility
of a product under development using computer models of the product and simulation models for
manufacturing processes. Examples of such processes are assembly, casting, molding, stamping, forming,
and inspection. The early stages of design are critical to the success of the final product since most of
the final cost of a product is committed through decisions about the product’s geometry and the materials
that lead to the selection and planning of manufacturing processes and production facilities.

Concurrent engineering (CE) is a methodology for product development processes where the tasks
are performed simultaneously based on “what if” decision-making processes. CE is a driving force
behind the development of CAD tools for manufacturing.

CAD System and Manufacturing

One of the first and most prominent manufacturing applications of CAD system was the automated
programming of numerically controlled (NC) machine tools. NC machines were developed in the 1950s,
but their widespread use was hindered by the difficulty in writing the requisite NC programs, lists of
coded cutting tool motions that directed the machine to cut the desired part. Computer programs that
facilitated the generation of NC programs were among the first CAD tools for manufacturing. Early
systems focused on profile cutting, generating cutter location data that described the 2D coordinates of
the paths of cutting tools that would remove the material to create the final part. Three-dimensional NC
programming capabilities are available in most CAD systems today. The user guides the generation of
NC data by interactively selecting each surface to be machined and answering questions about tools,
approach directions, and machining preferences.

Solid Models and Manufacturing

A key element of virtually all CAD tools for manufacturing is the need to interpret the CAD data
according to manufacturing capabilities, requirements, and constraints. Generally, this interpretation
involves determining the characteristic shapes in the CAD data related to the manufacturing process of
interest and applying knowledge about the process to determine the manufacturing operations and
parameters. Solid models are rigorous computer data structures that contain a complete, unambiguous
representation of the nominal geometry of an object. Solid models and solid modeling operations, like
the Boolean union, difference, and intersection of solids, enabled geometric computations about the
design that were not possible with earlier CAD data. With solid modeling, the emphasis in CAD shifted
from data for visual communication to product data models that could be used for more sophisticated
computer analyses with more automation.

In solid models, geometric features can be described in a form more suitable for engineering and
manufacturing applications. As a result, feature-recognition algorithms have become an important ele-
ment of many CAD tools for manufacturing for translating CAD models into usable geometric data for
design evaluations.

However, feature recognition has limitations because it is not possible to translate every solid model
into a given set of features. Also, some applications of feature recognition require additional, nongeo-
metric information. This information must be added to the CAD data before, during, or after the feature-
recognition process. For example, part tolerance data are required for machining process planning but
are not available in current CAD data. Feature-based design (FBD) was developed to overcome some
of the limitations of feature recognition. Instead of deriving a features model from a solid model, FBD
systems create the product model with features during the design process. Many FBD applications have
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been demonstrated in the area of machining, and some commercial CAD vendors have incorporated
these features into their systems.

FBD also has limitations. The features that are useful for one manufacturing process may not be
useful for another. For example, a model made with cavity features, such as holes, slots, and pockets,
provides ready-to-use data for machining planning. However, this model is inappropriate for sheet metal
bending or welding processes that require an understanding of the bends and protrusions on a part, not
its cavities.

Product Data Standards and Manufacturing

The International Standards Organization (ISO) has developed the Standard for the Exchange of Product
model data, STEP. In the U.S., the Integrated Graphics Exchange Specification (IGES)/PDES Organi-
zation (IPO) developed the Product Data Exchange Specification, PDES. These efforts merged and PDES
was renamed Product Data Exchange using STEP, which is nhow the American National Standard for
STEP. STEP became the international standard (ISO 10303) in March 1994.

STEP is organized as a series of “parts” that are developed and published separately. The parts are
organized into numerical series: description methods (parts 11 to 20), integrated resources (parts 41 to
200), application protocols (parts 201 to 1200), abstract test suites (parts 1201 to 2200), implementation
methods (parts 21 to 30), and conformance testing (parts 31 to 40). The product information is specified
in a formal specification language, EXPRESS, which is documented in Part 11. Part 1 is an overview
of the entire standard.

The STEP application protocols (APs) are important to CAD tools for manufacturing. These are the
implementable portion of the STEP standard. Each AP draws upon integrated resources and adds specific
constraints, relationships, and attributes to meet the information requirements of a particular application.
It is expected that several hundred APs may be developed for many different industrial applications.

Design for “X* Tools

Many CAD tools for manufacturing belong to a class of programs described as “design for x,” where
“X” signifies an application area, such as design for assembly or design for castability. The phrase “design
for manufacturability” (DFM) can be considered as a specialization of design for x in which all the
applications are manufacturing. Generally, DFM applications are computer programs that perform
computations to analyze the producibility of a product with respect to a specific manufacturing process
or set of processes. The format of the design data representing the product required by the program
varies greatly. The program then provides an evaluation of the suitability of the design according to this
domain. The form of this evaluation also varies with each program.

DFM programs act as “manufacturing experts” that provide qualitative, and perhaps quantitative,
information about potential problems in a design based on predefined knowledge about a manufacturing
process. The programs emulate the process done by human experts, examining the design data and
reporting any problems based on experience. Many efforts are based on expert systems technology from
the field of artificial intelligence (Al). The searching is performed through the facilities of an Al language,
such as PROLOG or LISP, or using an expert system “shell,” a preprogrammed generic expert system.
Design data are first translated into a knowledge base, the Al version of a database, containing facts and
rules. In a sense, the detailed design data are made into logical data that can be processed using Al
methods. The program computationally searches the design data for data patterns that match problem
conditions represented in the knowledge base of the program. The problem conditions are computer
representations of design data that are known to cause manufacturing difficulties for a given process.
For example, a “design for injection molding” program may report that an internal corner radius in a
geometric model of a part is too small and may cause problems in the mold. In some cases, the program
provides a quantitative evaluation of the design, or producibility index. This provides a convenient
numerical comparison between two competing designs.
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Tools for Manufacturing Process Planning
Tien-Chien Chang

Introduction

Process planning prepares a production documentation whicHiespehe operations and operation
sequence necessary to miauiure a product. Process planning iBra®l as an act that determines the
manudacturing operations, operation sequence, and resources requireketa praduct. In the process
domain, there are machining process planning, welding process planning, EDM process planning,
forming process planning, etc. In the product domain, there are mechanical part process planning,
mechanical assembly process planning, and electronics assembly process.dlaenifgyt to a process
planning system (or a human process planner) can be an engineasimgda CAD model, or a three-
dimensional solid modeWhile most human planners prefer an engineerirayidg on paper or in
electronic form, process planning systems usually use CAD models.

The result of the process-planningigity is a “process plan” (geFigure 13.4.)), also called route
sheet, operation sheet, or operation planning sumrtacan be as agegate as a list oivork center
identification numbers or as elaborate as g@&fe document with setupadings, tool specifications,
operation time estimates, etc.

PROCESS PLAN ACE Inc.
Part No. _SQ125-F Material: _steel 4340Si
Part Name: Housing
Original: S.D, Smart Date: 1/1/89 Changes: Date:
Checked: C.S. Good Date: 2/1/89 Approved: T,C, Chang Date: 2/14/89
No. Operation Workstation Setup Tool Time
Description (Min)
10 Mill bottom surfacel MILLO1 see attach#1 Face mill 3 setu
for illustration 6 teeth/4" dia | 5 machining
20 Mill top surface MILLO1 see attach#l Face mill 2 setup
6 teeth/4" dia | 6 machining|
30 Drill 4 holes DRLO2 set on surfacel | twist drill 2 setup
172" dia 3 machining
2" long
— —‘“——“\
/—\ pammmre— \l‘_d/_—

FIGURE 13.41 A process plan.
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Since the information on the process plan is used in scheduling the production and controlling the
machine, the productiorffeciency and the product quality ardfected.

Manual Process Planning
Process planningnwolves gveral or all of the folbwing actvities:

¢ Selection of machining operations

« Sequencing of machining operations

¢ Selection of cutting tools

» Selection of machine tools

« Determination of setup requirements

¢ Calculations of cutting parameters

¢ Planning tool path and generation of NC part programs
 Design of jigs and fixtures

The details incorporated in a typical process plan usualy from industry to indusjr It depends
on the type of parts, production methods, and documentation. Aegasess plan for a tool room-type
mandacturing evironment typically relies on thexperience of the machinist and does natehto be
written in ay great detail. Irfact, the instruction “nmiee as per part print” may fice. In typical mass-
production-type industries, the process-planningiggts embodied in the transfer afidw lines used
for mandacturing component parts and assenfr metal-forming-type mariacturing advities, such
as faging, stamping, die casting, sand casting, injection molding, etc., the process-planning requirements
are embedded directly into the design of the die/mold used, where most process-plannipgsact
fairly simple A process planner must

« Be able to understand and analyze part requirements

« Have extensve krowledge of machine tools, cutting tools, and their capabilities
¢ Understand the interactions between the part, faaturing, quali, and cost

« Possess analytical capabilities

Tolerance Charting

During process planning it is important to ensure that the setup and operation sequence will yield a
satigactory partTolerancing chartingFigure 13.4.2)has been used to help in allocating process-tole
ances anderifying the operation sequendk tolerance chart analyzes one dimension at a time. In a
tolerance chart, the top is the pardwding. Dimensions and tolerances are presented with the ggometr
Dashed lines shv the stock boundgr From the features of the part and the stextension lines are
drawn to the body of the charThe section belv the dewing shows the critical dimensions and
tolerancesThese dimensions and tolerances must bdigatiafter the processes are complesd owing
the process sequence, each operation is listed in the third section of tha tharts diawn from the
reference sdiace of a setup to the cut fage.For example, in operation 10, thew stock boundary at
the left is the reference $ace The second stece from the right-hand side is created by this operation.
From the chart, one can calculate the resultant tolerafbesresults are compared with the blueprint
tolerance.

Although traditionally a tolerance chart is implemented on paper and throfiggdaprocedure, it
can also be implemented in a computée process tolerance stack-up may be usgdrify the design
specification and select the appropriate processes and sequences.

Computer-Aided Process Planning

There arewo basic approaches to compeégded process planrmgn— variant and generige. The
variant approach is signified by the terminology used by the computer evegitans for similar
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FIGURE 13.42 Tolerance chart.

components using table lookup proceduiidgee human process planner then edits the plan to create a
“variant” to suit the specific requirements of the component being planned. Creation aficatimdi

of standard plans are the process plasmasponsibilif. The generave approach generates a plan for
each component without referringexisting plans. Generae-type systems can perform mgdunctions

in a generate manng while the remaining functions are performed with the use of humans in the
planning loop.

Variant Process Planning

The variant approach to process plannings the first approach used to computerize the planning
techniques. It is based on the concept that similar parts avl $similar process plan$he computer
can be used as a tool to assist in the ifleation of similar plans, re@ting them and editing the plans

to suit the requirements for spiciparts.

In order to implement such a concept, part coding and fitzgsin based on group technology is
used as a foundation. livitlual parts are coded based upevesal characteristics and atiies.Part
families are created of #e” parts laving suficiently common attbutes to group them into family.

This family formation is determined by analyzing the codes of the part spedrtstandard” plan
consisting of a process plan to méauiure the entiréamily is created and stored for each ganily.

The development of avariant-process-planning system he® tstages: the preparatory stage and the
production stagéFigure 13.4.3.

During the preparatory stagexisting components are coded, cléissi, and later grouped into
families The partfamily formation can be performed imveral ways. Families can be formed based
on geometric shapes or process similaritiesef®l methods can be used to form these groupigs
simple approackvould be to compare the similarity of the part code with other part codes. Since similar
parts will reve similar code characteristics, a logic which compares part of the code or the entire code
can be used to determine similarity between parts.

Families can often be described by a sefaofily matrices. Eackamily has a binary matrix with a
column for each digit in the code andawrfor eachvalue a code digit canalee. A nonzero entry in
the matrix indicates that the particular digit camenhthevalue of that ow, e.g., entry (3,2) equals one
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FIGURE 13.4.3 Variant-process-planning approach.

implies that a code x3xxx can be a member of the family. Since the processes of all family members
are similar, a standard plan can be assigned to the family. The standard plan is structured and stored in
a coded manner using operation codes (OP-codes). An OP-code represents a series of operations on one
machine/workstation. For example, an OP-code DRL10 may represent the sequence center drill, change
drill, drill hole, change to reamer, and ream hole. A series of OP-codes constitute the representation of
the standard process plan.

Before the system can be of any use, coding, classification, family formation, and standard plan
preparation must be completed. The effectiveness and performance of the variant-process-planning
system depend to a very large extent on the effort put forth at this stage. The preparatory stage is a very
time-consuming process.

The production stage occurs when the system is ready for production. New components can be planned
in this stage. An incoming component is first coded. The code is then sent to a part family search routine
to find the family to which it belongs. Since the standard plan is indexed by family number, the standard
plan can be easily retrieved from the database. The standard plan is designed for the entire family rather
than for a specific component; thus, editing the plan is unavoidable.

Variant-process-planning systems are relatively easy to build. However, several problems are associ-
ated with them., e.g.,

1. The components to be planned are limited to previously planned similar components.

2. Experienced process planners are still required to modify the standard plan for the specific
component.

3. Details of the plan cannot be generated.

4. Variant planning cannot be used in an entirely automated manufacturing system, without additional
process planning.

Despite these problems, the variant approach is an effective method, especially when the primary
objective is to improve the current practice of process planning. In most batch-manufacturing industries,
where similar components are produced repetitively, a variant system can improve the planning efficiency
dramatically. Some other advantages of variant process planning are

1. Once a standard plan has been written, a variety of components can be planned.
2. Programming and installation are comparatively simple.

3. The system is understandable, and the planner has control of the final plan.

4. It is easy to learn and easy to use.

Generative Approach

Generative process planning is the second type of computer-aided process planning. It can be concisely
defined as a system which automatically synthesizes a process plan for a new component. The generative
approach envisions the creation of a process plan from information available in a manufacturing database
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without human intervention. Upon receiving the design model, the system is able to generate the required
operations and operation sequence for the component.

Knowledge of manufacturing has to be captured and encoded into computer programs. By applying
decision logic, a process planner’s decision-making process can be imitated. Other planning functions,
such as machine selection, tool selection, process optimization, etc., can also be automated using
generative planning techniques.

A generative-process-planning system comprises three main components:

1. Part description
2. Manufacturing databases
3. Decision-making logic and algorithms

The definition of generative process planning used in industry today is somewhat relaxed. Thus,
systems which contain some decision-making capability on process selection are called generative
systems. Some of the so-called generative systems use a decision tree to retrieve a standard plan.
Generative process planning is regarded as more advanced than variant process planning. Ideally, a
generative-process-planning system is a turnkey system with all the decision logic built in. However,
due to the differences among manufacturing shops, decision logics have to be customized for each shop.

The generative-process-planning approach has the following advantages:

1. Consistent process plans can be generated rapidly.

2. New components can be planned as easily as existing components.

3. It has potential for integrating with an automated manufacturing facility to provide detailed control
information.

There is no fixed representation or procedure that can be identified with generative process planning.
The general trend is to use a solid model CAD-based input and expert system or an object-oriented
planner construct. Most of the research systems are of this type. A few commercial products can also
be classified as generative.

Conclusions

Process planning is a critical function in design and manufacturing. The quality of the product and the
cost of production are affected by the process plan. A process plan incorporates information on the shop
capability, resource requirement, best routing, etc. In order to produce a good process plan, a planner
must be knowledgeable in both the manufacturing practices and the current shop status and capabilities.
At this moment most computerized planners are still based on data retrieval and database lookup. As
the information technology is further developed and we have better understanding of process capabilities,
integrated planning systems will evolve.
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Simulation Tools for Manufacturing
Hank Grant

Introduction

Digital simulation uses a mathematical model to represent a real or hypothetical physical system. A
computer simulation model of a physical system provides a laboratory in which alternative designs can
be explored and analyzed. The model, executed on the computer, is a software replica of the manufac-
turing system and is controlled so that the behavior of the system can be studied and analyzed. Decisions
can be made concerning production alternatives. For example, adding a new lathe can be considered
without disrupting the actual physical system.

Simulation depends on describing a system in terms acceptable to the computer language used. To
do this, it is necessary to havesgstem-state descriptiomhich is typically characterized by a set of
state variables included in the computer program that make up the simulation model.

Types of Simulation Models

Simulation models are typically classified into three types: discrete event, continuous, and combined.
Simulation software has been designed to address each of these types of models.

Discrete Event. Discrete event simulation is used to model systems when there are specific events in
time when the variables of the system may change in values. The mechanics of those changes must be
well known and easily characterized. The behavior of the system is represented by the behavior of
individual objects of interest callezhtities The simulation model characterizes the behavior of these
entities as they move through the system in simulated time.

Discrete events are points in time where the characteristics of an entity may change and where the
state variables of the system may change. For example, when a customer arrives for service, the state
of the system may change (number in the system, status of the server, etc.). The modeling of systems
using this approach consists of developing descriptions of the events and how they cause the state
variables to change and the entities to be manipulated.

The individual events may not always be predictable, and stochastic elements may be present in the
operation of the system. For example, the time between arrivals of customers to the system may be a
random variable. Simulation languages have many tools to support random variation in models.

A special kind of discrete event model isi@work modelNetwork models use a standard set of
symbols to represent the flow of entities in the system. They are graphical in nature, and are very useful
communication vehicles as well as very powerful in building simulation models quickly and easily.
There are several languages available that include network modeling capabilities and they are described
below.

Continuous. Continuous simulatios an approach that is popular among engineers and economists.
The main building blocks of this approach are as follows (Pidd, 1994).

Aggregated variablestnstead of a concern with individual entities, the main concern is with the
aggregated behavior of populations. For example, the changing sales of a product through time.
Smooth changes in continuous tinather than focusing on individual events, where the stress is on
the gradual changes which happen as time progresses. Thus, just as the graph of a variable might
be smooth, the aim is to model the smooth changes of the variable by developing the suitable
continuous equations.
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Differential or difference equationgthe model consists mainly of a set of equations which define
how behavior varies through time; thus, these tend to be differential equations or, in simpler cases
such as system dynamics, difference equations.

Nature does not present itself labeled neatly as discrete or continuous; both elements occur in reality.
Modeling, however, as mentioned above, involves approximation, and the modeler must decide which
of these approaches is most useful in achieving the desired aim of the simulation.

Combined Discrete Event/Continuoun some cases, both approaches are needed and the result is a
mixed discrete-continuous simulation. An example of this might be a factory in which there is a cooking
process controlled by known physics which is modeled by continuous equations. Also in the factory is
a packing line from which discrete pallets of products emerge. To model the factory will require a mixed
approach.

Modeling Languages

Specifically designed computer simulation languages provide many features for managing the updating
of the state variables and advancing time. They also provide features for recording system performance
statistics and for generating random numbers to introduce system randomness.

The lowest level of computer language typically used is FORTRAN or BASIC. This requires that the
entire simulation model be coded, which is labor-intensive. High-level languages, such as SLAM,
SIMSCRIPT, and GPSS, facilitate simulation because they provide subroutines for time advancement,
entity maintenance, and statistic collections. Higher-level simulation languages are designed for special
purposes; MAP/1, SPEED, and MAST are three designed for the simulation of manufacturing systems.

Some simulation languages can produce animations. This permits the simulation to be illustrated
graphically on a computer terminal so that the analyst can see the system in action and observe its
interactions and behavior, a visual function beyond the scope of standard reporting technique. For
example, TESS (a software program) provides animation, as well as model-building and output analysis
capabilities, for the SLAM simulation language.

The following discussion by Banks (1994) provides an overview of the primary languages available.
Applications of simulation exist in many arenas such as manufacturing, material handling, health
services, military decision support, natural resources, public services, transportation, and communica-

tions, to mention a few.

These simulation applications are usually accomplished with the use of specially developed simulation
software. This tutorial describes the software in two categories. The first of these is software for general
purposes. This type of software can solve almost any discrete simulation problem. In this section, five
products, GPSS/H™, GPSS/World™, SIMAN,\BIMSCRIPT II.5, and SLAMSYSTEM, will be
discussed to provide a feel for this type of software.

GPSS/H. GPSS/H is a product of Wolverine Software Corporation, Annandale, VA (Smith and Crain,
1993). It is a flexible, yet powerful tool for simulation. It provides improvements over GPSS V that had
been released by IBM many years earlier. These enhancements include built-in file and screen 1/O, use
of an arithmetic expression as a block operand, interactive debugger, faster execution, expanded control
statement availability, and ampervariables that allow the arithmetic combinations of values used in the
simulation. The latest release of GPSS/H is version 2.0. It added a floating point clock, built-in math
functions, and built-in random variate generators. Options available include Student GPSS/H, Personal
GPSS/H within the 640K memory limit, and GPSS/H 386 providing unlimited model size.

GPSS World. GPSS World, from Minuteman Software, is a complete redesign of GPSS/PC™ (Cox,
1992). It is designed as a high-power environment for simulation professionals. It includes both discrete
and continuous simulation. Its features include interactivity, visualizability, and configuration flexibility.
It utilizes 32-bit computing, virtual memory, preemptive multitasking, symmetric multiprocessing, and
distributed simulation. Highlights include drag-and-drop model building, 512 megabytes of virtual
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memory for models, point-and-shoot debugging, an embedded programming language, built-in proba-
bility distributions, multiple data types, and many other improvements to GPSS/PC.
The GPSS World family is a set of three software products including:

1. GPSS World is the center of the family. This self-contained modeling environment includes local
Simulation Server™ capabilities.

2. Simulation Server provides simulation services on a remote networked computer. It does not
include a model-building user network.

3. Simulation Studio provides hierarchical modeling and user-drawn simulation capabilities.

There is an enhanced memory version of GPSS/PC that is also available. It allows access of up to 32
megabytes of memory.

SIMSCRIPT I1.5. SIMSCRIPT 11.5 from CACI Products Company is a language that allows models to

be constructed that are either process oriented or event oriented (Russell, 1993). The microcomputer
and workstation version include the SIMGRAPHICS animation and graphics package. SIMSCRIPT can
be used to produce both dynamic and static presentation-quality graphics such as histograms, pie charts,
bar charts, levels of meters and dials, and time plots of variables. Animation of the simulation output is
also constructed using SIMGRAPHICS. SIMGRAPHICS can be used also to produce interactive graph-
ical front ends or forms for entering model input data. An input form may include such graphical elements
as menu bars with pull-down menus, text or data boxes, and buttons that are clicked on with a mouse
to select an alternative. The graphical model front end allows for a certain set of modifications to the
model to be made without programming, facilitating model use by those who are not programmers.

SIMAN V. SIMAN V from Systems Modeling Corporation is a general-purpose program for modeling
discrete and/or continuous systems (Glavach and Sturrock, 1993; Banks et al., 1995). The program
distinguishes between the system model and the experiment frame. The system model defines components
of the environment such as machines, queues, and transporters and their interrelationships. The experi-
ment frame describes the conditions under which the simulation is conducted, including machine
capacities and speeds and types of statistics to be collected. “What-if” questions can usually be asked
through changing the experiment frame rather than by changing the model definition. Some important
aspects of SIMAN V are as follows:

1. Special features that are useful in modeling manufacturing systems include the ability to describe
environments as work centers (stations) and the ability to define a sequence for moving entities
through the system.

2. Constructs that enable the modeling of material-handling systems including accumulating and
nonaccumulating conveyors, transporters, and guided vehicles.

3. An interactive run controller that permits break points, watches, and other execution control
procedures.

4. The ARENA environment that includes menu-driven point-and-click procedures for constructing
the SIMAN V model and experiment, animation of the model using Cinema, the input processor
that assists in fitting distributions to data, and the output processor that can be used to obtain
confidence intervals, histograms, correlograms, and so on. (More aspects of the ARENA environ-
ment are discussed later.)

5. Portability of the model to all types of computers.

SLAMSYSTEM.SLAMSYSTEM, from Pritsker Corporation, is an integrated simulation system for
PCs based on Microsoft Windows™ (Pritsker, 1986; O’Reilly, 1993). All features are accessible through
pull-down menus and dialog boxes and are selected from the SLAMSYSTEM Executive Window. A
SLAMSYSTEM project consists of one or more scenarios, each of which represents an alternative system
configuration. A project maintainer examines the components of the current scenario to determine if any
of them have been modified, indicates whether or not tasks such as model translation should be performed,
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and allows the user to accomplish these tasks before the next function is requested. SLAMSYSTEM
allows multiple tasks to be performed in parallel while the simulation is operating in the background.
Some of the features of SLAMSYSTEM are as follows:

1. Models may be built using a graphical network builder and a forms-oriented control builder, or
text editor. When using the first method, a network symbol is selected with the mouse, then a
form is completed specifying the parameters for that symbol. The clipboard allows many other
operations such as grouping one or more symbols and placing them elsewhere on the network.

2. Output analysis includes a “report browser” that allows alternative text outputs to be compared
side by side. Output may be viewed in the form of bar charts, histograms, pie charts, and plots.
Output from multiple scenarios can be displayed at the same time in bar chart form. By using
the Windows environment, multiple output windows can be opened simultaneously.

3. Animations are created under Windows using the facility builder to design the static background
and the script builder to specify which animation actions should occur when a particular simulation
event occurs. Animations can be performed either concurrently or in a postprocessing mode. Two
screens can be updated simultaneously and up to 225 screens can be swapped into memory during
an animation.

4. SLAMSYSTEM was designed to be used in an integrated manner. For example, historic data
may be read to drive the simulation. CAD drawings may be loaded. Output charts and plots
created by SLAMSYSTEM may be exported via the clipboard to other applications.

The newest release of SLAMSYSTEM is version 4.0. Some of its unique features include the
following:

1. Multiple networks in a single scenario: Networks can be constructed in sections and combined
at run time. The sections can be reused in future models.

2. New output graphics: These graphics support three-dimensional X-Y grids and displaying of point
plot data.

3. Direct interface to SimStat (product of Ki€nalysis Systems): These files may be loaded for
advanced statistical analysis.

4. OS/2 metafiles for graphics: The OS/2 metafile format can be read for animation backgrounds or
icons.

Conclusion

Simulation is a powerful approach to modeling manufacturing systems in that many complex and diverse
systems can be represented. Simulation can predict system performance measures that are difficult to
assess without a model. It is a proven, successful tool and has been in use since the 1950s. The current
languages take advantage of the capabilities of today’s microprocessors and provide the user with the
needed on-line support for model development, management, and analysis.
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Tools for Intelligent Manufacturing Processes and Systems:
Neural Networks, Fuzzy Logic, and Expert Systems

Tien-Il. Liu
Introduction

Starting in the 1980s, researchers and practitioners became increasingly interested in intelligent machines
and intelligent manufacturing. The goal is to model the skills and expertise of professionals so that
machines and manufacturing systems can possess some of the characteristics of human intelligence.
Three techniques, neural networks, fuzzy logic, and expert systems, have been widely used in manufac-
turing. This section describes the principles and functions of these tools. Examples in applying these
tools to manufacturing applications are highlighted as well.

Neural Networks

Neural networks consist of a set of nodes which are nonlinear computational elements. The pattern of
connectivity between nodes, known as weights, can be modified according to some preset learning rule.
The knowledge of the networks is stored in their interconnections (Kohonen, 1986).

Since neural networks are parallel distributed processing, they have the following advantages:

1. They are adaptive and can learn from experience.

2. The network can be refined at any time with the addition of new training data.

3. Various model architectures can be used.

4. They can compute very quickly and thus they are very suitable for real-time applications.

5. They can be used for analyzing large amounts of data to determine patterns that may predict
certain types of behavior.

6. They can capture the complexities of the process, including nonlinearities, even if the dynamics

of the process is unknown.
7. They can make decisions based upon incomplete and noisy information.
8. They degrade gracefully even when parts of the structure have been destroyed.

Neural networks are best at performing the types of tasks which need human perception. These tasks
do not have exact answers, e.g., classification and trend analysis. A typical example of such problems
is machine diagnosis. An experienced mechanic can point out what is wrong with an automobile by
standing beside the car and listening to the sound of the running engine. Another example is character
recognition. Any person who is familiar with alphabets can easily identify the letter “A” in any of various
typefaces or handwritten scripts. In both cases it is practically impossible to develop a set of if—then
rules to let a computer to do the job. These tasks are also difficult to program using standard computer
techniques.
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Applications of Neural NetworksMany electronics and computer companies have put considerable
effort into neural network development. IBM has announced a neural network development package for
its computer; Intel Corporation has developed a microchip that supports this technology. Japanese
companies such as Fujitsu, Hitachi, Mitsubishi, and Sumitomo Heavy Industries are also working in this
field.

A bomb-detection machine which uses neural network technology to detect plastic explosives hidden
in baggage has been developed. This machine has been installed in several airports. Neural networks
have also been applied to ensure the operation of an industrial power distribution substation. It has
replaced a conventional mechanical system and improved the performance by greater than an order of
magnitude.

Integrating sensors with neural networks for monitoring and diagnostic purposes can enhance pro-
duction reliability, prevent potential problems caused by abnormal conditions, and maintain high product
quality in the factory (Liu and lyer, 1993). The applications of neural networks for monitoring and
diagnostic purposes have been used with ball-and-roller bearings, turning processes, milling processes,
drilling processes, tapping processes, glass furnaces, etc. The results are very successful (Liu and
Anatharaman, 1994).

Neural networks have also been used in the image processing for computer vision and speech-
recognition systems (Badal, 1993). They also are used for the control of machines and processes. The
neural network controller is capable of on-line learning of the system dynamics and then taking adequate
action to achieve the predetermined goal. They also can be used to tune the gain of control systems.
Fuzzy Logic
The theory of fuzzy sets has been developed as a methodology for the formulation and solution of
problems which are too complex or too ill defined to be solved by traditional techniques. In fuzzy logic,
the membership in a set is not either 0 or 1; instead it is a value between 0 and 1. Membership functions
span some problem domain, such as length or weight, and show the membership for each value of the
problem domain. Membership functions are subjective evaluations and can be represented by many kinds
of curve. However, the membership function cannot be assigned arbitrarily. The formulation of the
membership function should be based upon the professional feeling and physical understanding of the
problem. LetS= {s} represent a space of objects. Then a fuzzyXsetSis a set of ordered pairs

X :{s, fx(s)}, s-9)

wheref, (s) is the grade of membership ®in X andf, (s) is a number in the interval (0,1).

Fuzzy mathematics, which consists of precise rules to combine vague expressions, such as “very high”
and “somewhat heavy,” has been developed (Kandel, 1986). Generally speaking, fuzzy logic systems
have the following advantages:

1. They are inherently flexible.

2. They are robust to noisy or missing data, unexpected disturbances, and errors in problem modeling.

3. They are suitable to deal with problems for which knowledge is approximate or problems which
are so complex that it is difficult to develop an adequate mathematical model.

4. They usually are energy efficient.

Applications of Fuzzy LogicFuzzy mathematical techniques are very suitable for the control of
machine tools, robots, and electronic systems (Mamdani, 1993). They are also applicable to image
understanding for computer vision and pattern classification for the monitoring and diagnosis of man-
ufacturing processes (Du et al., 1992).

The very first application of fuzzy logic was the control of the fuel-intake rate and gas flow of a
rotating kiln used to produce cement. Since then, it has been used to control many automated manufac-
turing processes. Fuzzy logic has resulted in significant improvements to many commercial products,
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such as cameras and air conditionathough fuzzy logiovas aveloped in the U.S., most of the action
is in JapanThe most impresge application is a suay system operated by a fuzzy computiewas
installed in the 1980s by Hitachi at Sendai, about 200 mi ndrfiokyo, JapanThis system is more
than 10% emgy dficient and is so smooth that passengers do not need to hang onto straps.

At AT&T Bell Laboratories, 2 M. Togai and . H. Watanabe eveloped thevery first fuzzy logic
processing chip in 198BIASA is developing fuzzy controllers to help astronauts pilot the space shuttle
in earth orbit. In the U.S. the interest in applying fuzzy logic @svigrg continuousf.

Expert Systems

An expert system is a computer system which possesses the capability of adxperarAn expert
system has the fallving five essential parts-igure 13.4.9:

USER

:

USER INTERFACE

: !

KNOWLEDGE UPDATE EXPLANATION
FACILITY FACILITY

' '

KNOWLEDGE BASE

!

INFERENCE ENGINE

FIGURE 13.44 Typical expert system architecture.

1. User InterfaceThis module is the intéace between the user and other parts otpert system.

2. Knowledge Basd&.he krowledge about solving spdid problems is stored in the d&wledge base
of anexpert systemThe process dfuilding the krowledge base is called &wledge engineering
and is done by a kwledge engineefFigure 13.4.5) Knowledge engineering refers to the
acquisition of kewledge from a humaexpert or other source and the coding of it intoekert
system The krowledge base usually consists of rules &axts. Rules are made up of English-
like sentences or clauses. Rules are ofténettusing an if-then syntax that logically connects
one or more antecedent clauses with one or more consequent clausesvas foll

IF antecedenTHEN consequent

A rule says that if the antecedent is true, then the consequent is alstheumtecedent and
consequent of rules refer to a spiediact that describes the state of #imld. On the other hand,
eachfact is a single sentence that describes some aspect of the statevarfidhe

3. Inference EngineThe inference engine can infeawmknowledge fromexisting krowledge stored
in the krowledge baseTwo general inference approaches are commonly usesarchaining
and baclvard chaining.Forward chaining is the reasoning frdiacts to conclusions resulting
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HUMAN EXPERT -
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KNOWLEDGE ENGINEER

EXPLICIT KNOWLEDGE
\4
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FIGURE 13.4.5 Knowledge engineering.

from those facts. Backward chaining involves reasoning in reverse from a hypothesis to the facts
which support the hypothesis.

4. Knowledge Update Facilitythe knowledge in many fields, including engineering and manufac-
turing, changes with time. The expert system can be updated through this facility.

5. Explanation Facility.Just like a human expert can explain how a specific conclusion has been
drawn, the explanation facility can explain its reasoning to enhance the credibility of an expert
system.

Expert systems are quite different from conventional programs because the problems usually have no
algorithmic solution and rely on inferences to achieve a reasonable solution. In other words, the expert
system is very suitable to solve problems which require heuristic rules. These heuristic rules can be
stored in the knowledge base.

Expert systems have the following advantages as compared with the human expert:

1. They are steady and unemotional and have high reliability. Therefore, errors are reduced.

2. They have high availability. Users can get answers any time.

3. The expert system can be installed and used at multiple sites.

4. They can explain how a conclusion has been reached. Thus, the users feel comfortable working
with expert systems.

Expert systems can help people solve problems. They can free the human expert from the routine job
to do other work. Hence, they can increase efficiency and reduce cost.

Applications of Expert SystemdExpert systems have been used in many fields. There are many com-
mercialized expert systems running on different computer platforms which help professionals in various
fields, enhancing efficiency and productivity greatly.

Manufacturing, assembly, quality, reliability, and cost need to be taken into consideration in the early
stage of product design. Expert systems have been developed for DFM, design for assembly (DFA),
design for quality and reliability, product cost estimation, etc. These expert systems can be integrated
with the existing CAD/CAM systems (Liu et al., 1995). Many expert systems have also been built and
used in the areas of facility design, production planning and control, computer-aided process planning,
material handling, quality control, equipment maintenance and repair, and real-time control (Alto et al.,
1994). In simple words, design and manufacturing work can be upgraded from an experience-based to
a science-based function by using expert systems.
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Conclusion

Neural netvorks, fuzzy logic, an@xpert systems are theay of the futureThey can m&e machines
and mantacturing processes much smarfgpplying these techniques can lead to the realization of a
fully automatedfactory in the future.
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Tools for Manufacturing Facilities Planning
J. M. A. Tanchoco, Andrew C. Lee, and Su-Hsia Yang

Introduction

The main function ofacility planning is the design offeient flow of products fromaw material to
finished goods. It is one of the most important determinants of operétaigney and production cost.
Traditionally, thefacility-planning problem isidided into three areas, namegroup technology (GT),
material handling, andacility layout (seeFigure13.4.9. GT, which is closely related to cellular
manudacturing, is usually defined as the grouping of dissimilar machines in closewiEaih group
or cell is dedicated to the production of one or more ganslies The parts in théamily are similar
in their processing requiremenémmerbv and Hye, 1989) Two of the most fundamental elements
in facility planning are théacility layout and the material-handling system.

Facility layout positions thevorkstations around thexéd product based on the processing sequence.
In a product layout, machines are arranged according to the processing sequence of the product, e.g.,
the assembly of automobiles, certain electronic productsTigcmachines are located so as tvige
smooth and logicaldlv of material. In a group layout, also referred to as a cellular layout, products are
grouped into logical produdiamilies All machines which perform similar operations are grouped
together in the process layodt process layout is characterized by a higiyrde of fexibility and
machine utilization. Byardless of the type d&cility, a detailed layout should not be designed without
giving serious consideration to material-handling requirem&heschoice of material-handling methods
and equipment is an rgral part of the layout desigihe facility layout design component performs
two basic functionsThe first function is to decideov to locate cells with respect to each otfide
objectve is to minimize either the total materflaw distance or transportation timghe second function
is to resole the machine location and orientation ligato each other within the cellhe constraints
in layout design ofacility structure could prohibit the placement of the cells or machines in some
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FIGURE 13.4.6 Facilities-planning framework components.

locations, thus changing the machine compositions of the cells. The resolution from this design problem
has a significant impact on the distance that material has to be moved.

Material handling performs a critical function in modern dynamic manufacturing systems. The trans-
portation of materials within a production system is often accomplished with limited resources, e.qg.,
conveyors, forklift trucks, or automated guided vehicles (AGVs). Such transfer mechanisms not only
deliver material in a timely fashion, but also provide temporary storage capacity. These limited resources
require a capital investment, which increases the overall production costs. Excess transportation capability
represents expenditures that are not accompanied by increased value. Insufficient capacity, on the other
hand, can adversely affect production by delaying the delivery of material, thus reducing the total
production volume. Material handling is generally considered as a non-value-adding activitiy. However,
one can argue that material handling adds time and space value by making the material available and
ready for processing. The material handling has three functions. First, the flow path design selects the
route that material transfers from cell to cell or from machine to machine. Limited by the cost of
remodeling, the existing plant configuration (such as the aisle width) might not be able to accommodate
the traffic flow. Therefore, considerations must be given to the overall facility layout and building
structure. The second function is to locate the pickup and delivery stations along the flow path. Along
with the facility layout and flow path design, it is one of the most important determinants of the operating
cost of material handling. Finally, the best combination of material-handling equipment is determined.
Because of the complex, ill-structured, and experience-based nature of the problem, the decisions for
choosing material-handling equipment tend not to be based on rigorous criteria. However, the designers
must recognize that there is an appropriate level of technology for every application that will meet the
combined need for maximum handling efficiency and acceptable cost.

Decision Factors for Facilities Planning

The effectiveness of a facility-planning system depends on the careful integration of GT, facility layout,
and the material-handling system.

Group Technology. Mitrofanov (1959) is recognized as the first person to introduce the concept of GT
and machine grouping. Since then, a number of researchers have developed techniques for machine
grouping and part family formation. In general, these techniques can be categorized as follows:

1. Machine-Component MatrigMcAuley, 1972; King, 1980; McCormick et al., 1972): The main
idea behind this approach is to delineate cells by grouping binary entries of a machine—component
incidence matrix into fuzzy blocks along the matrix diagonal.
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2. Mathematical Programming FormulatiofKusiak et al. 1986; Askin and Standridge, 1993): In
this approach, a large, combinatorial mixed integer programming formulation is usually required
to model the problem.

3. Graph-Based Formulation/PartitioninRajagopalan and Batra, 1975; Faber and Carter 1986):

In this approach, the machine—part matrix is represented by a bipartite, transition, or boundary
graph. Then, it is solved using graph theoretic clustering methodology.

Facility Layout. The facility layout problem has been formulated as a quadratic assignment problem
(QAP). The objective function for this type of formulation is to minimize the total material-handling
cost. Given the complexity of the QAP formulation, the size of problems which could be solved by
optimal methods is very limited. Thus, heuristic algorithms are more suitable. These heuristics can be
classified into two major groups. The first group is called construction algorithms (Seehof and Evans,
1967; Lee and Moore, 1967; Foulds and Giffin, 1985; Hassan and Hogg, 1991). The main idea behind
these methods is to build the layout by adding one more block (a cell or a department) to a partial block
layout until all blocks have been located. The methodology requires two steps: a selection step and a
placement step. The selection step determines the order by which the blocks enter the layout, while the
placement step selects the location of the new block to enter the layout relative to the blocks that are
already in the layout. The objective is to maximize some kinds of performance criteria, e.g., total
closeness rating. Graph theoretic methods have been applied as a solution methodology for this approach.

The second group of the layout heuristics is called improvement algorithms. This approach starts from
an initial layout, and improvements are made by successive pairwise interchanges of blocks. The general
form of an improvement algorithm consists of the following steps: (1) select a pair of activities, (2)
estimate the cost of interchange, (3) exchange if the total cost is reduced, and (4) repeat until no more
improvement can be made. This category of heuristics includes the computerized relative allocation of
facilities technique (CRAFT) of Armour and Buffa (1963) and Buffa et al. (1964) and the methods of
Hillier (1963), Fortenberry and Cox (1985), and Co et al. (1989).

Recognizing the weaknesses of both construction and improvement algorithms when applied sepa-
rately, Golany and Rosenblatt (1989) proposed a hybrid method that takes advantages of both construction
and improvement algorithms. They use the layout resulting from the construction algorithm as the initial
layout and improve upon it using an improvement algorithm. Since most of the heuristics for facility
layout are based on the “greedy approach,” the solution is very sensitive to the initial layout. The final
layout given by the algorithm may not be the best.

Material Handling. Material handling involves moving, storing, and controlling the flow of materials.
There are several components, such as the flow path design, the locations of pickup and delivery stations,
and the material-handling equipment selected, that have significant effects on the overall effectiveness
of the material-handling system. The objective of flow path design is to determine the best “street
network” that transporters pass through when parts are moved from one machine to the next. It is one
of the major determinants in the calculations of travel times, operating expenses, and installation costs
of the material-handling system. There are numerous types of flow path network configurations. The
most widely adopted flow path design is the conventional flow network. It is usually a unidirectional
flow network where any cell boundary is used as part of the flow path. In a unidirectional network, one
has to determine the flow direction for each aisle. Its flexibility, reliability, and efficiency have made
this type of network a popular choice especially when AGVs are used. In comparison, the potential of
using a bidirectional flow network could make the system more efficient (Egbelu and Tanchoco, 1986).
The same authors also developed guidelines for the use of a single-lane bidirectional flow network.
However, the advanced hardware requirements and complicated system controllers are viewed negatively.

A single-loop flow path network can be found in many flexible manufacturing systems. The entire
flow path design is made up of a single loop. This type of network can potentially minimize some of
the problems associated with a conventional flow network. Congestion is inherently low and the operating
rules are simple. It also has relatively low initial investment and maintenance costs.

© 1999 by CRC Press LLC



Modern Manufacturing 13-105

Recently, a new flow path network configuration, a segmented flow topology (SFT), was developed
by Sinriech and Tanchoco (1994). It is comprised of one or more zones, each of which is separated into
nonoverlapping segments. Each segment is serviced by a single bidirectional material-handling device.
Transfer buffers are located at both ends of each segment. The flow structure in each zone is determined
by the logical flow requirements and by the existing aisle network. The SFT provides a simple flow
structure and control system. The research also suggested that it can achieve a higher throughput
capability compared to other material flow path network configurations.

The locations of pickup and delivery stations have generally been considered as a secondary issue in
the design phase of facility layout and a material-handling system. Yet it can have detrimental effects
on the costs of material handling and the a machine layout configuration. In a study by Warnecke et al.
(1985), they confirmed that the actual pickup and delivery station flow distance is much more represen-
tative than taking the rectilinear distance between the centers of machine blocks. Since then, several
design procedures have been proposed to find the optimal location of material-transfer stations. Montreuil
and Ratliff (1988) suggested a systematic methodology for locating pickup and delivery stations within
a facility layout using multifacility location theory. The objective function is to minimize the sum of the
rectilinear distance traveled by all intercellular flows, given the boundary regions on station location.
Luxhoj (1991) developed a two-phase design procedure that is suitable for the spine layout where the
active flow lines are well defined.

In terms of material-handling equipment selection, there is a large variety of equipment types available
with their own special functions and characteristics. Each equipment type has its own capability and
limitations. Some of these characteristics are difficult to quantify. The integrated nature of the manufac-
turing systems complicates the material-handling selection problem. The problem was first addressed
by Webster and Reed (1971). The procedure they suggested initially assigns material-handling equipment
to departmental moves based on cost alone. Then, move assignments are interchanged to seek improve-
ment in equipment utilization and total cost. Hassan et al. (1985) reformulated Webster and Reed’s model
as an integer programming model with the objective of minimizing the total operating and capital costs
of the selected equipment. Due to the combinatorial nature of the problem, it is solved using a construction
heuristic that exploits some similarities to both knapsack and the loading problems. Material Handling
Equipment Selection System (MATHES) was developed by Fisher et al. (1988). MATHES is a rule-
based system for the selection from 24 different types of material-handling equipment.

Conclusion

The framework discussed in this section provides an alternative perspective from the material flow
viewpoint. It integrates all of the important design factors associated with facilities planning. It incor-
porates most of the desired properties with respect to the overall plant operations. At the same time, the
framework also summarizes the difficulties and complexities which confront the facility designer. The
description of the framework is intended as a general exposition of the fundamental concepts and a
direction for future research in facilities planning.
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13.5 Rapid Prototyping

Takeo Nakagawa

Manufacturing Processes in Parts Production

The rapid progress of CAD technology for the design of machine partolvamade it easy to store
three-dimensional shape data on compuiigre application of this three-dimensional data has realized
NC programming by CAD/CAM, resulting in the remarkableaatte of automated productiohhe
increase in highly functional machine parts andaaded designs has led to the design of more and
more complicated staces using CADTo reduce the lead time and costs for teeetbpment of Bw
industrial products, “rapid prototyping” has been recognized as a unique, layerefdehaing tech-
nigue for making prototypes.

With this rapid prototyping, shapes of machine parts are creatbdilding up layers and layers of
materials, unke the material-repval technique which shapes by gradual machining using a cutting
tool. In this sense, rapid prototyping resembles the joining technique of small particles or thin layers.
Various diferent types of rapid prototyping methodavér been borrover the last couple of year&
common feature of these methods is that parts are directly shaped fully automatically according to CAD
data. Specificajl in all of these methods, the three-dimensional CAD datkes tas composed of thin
layers of tvo-dimensional datarhe thin layers are formed using thetdimensional data artalilt up
to form an actual three-dimensional solid prodW¢ith the nature of the processing steps, this rapid
prototyping technique is catldayered manufacturingAs the method can also be used in other appli-
cations than prototyping, it is also referred sérae-form fabricationBecause three-dimensional objects
can be made from three-dimensional CAD data, thisnapid-prototyping method is also called three-
dimensional plottingAt the present time, laser stereolithodwaps the most widespread rapid-proto-
typing method.

Rapid Prototyping by Laser Stereolithography

Laser stereolithogrdyy involves the use of a liquid photocurable resin which cures instantaneously when
scanned with a laser as a result of polymerizafAgrstown in Figure 13.5.], the laser is scannexer

this resin repeatedly to form thin layers of cured resin, whkigmtually build up to form a three-
dimensional solid product. Spécally, the processniolves first slicing a model based on three-
dimensional CAD data stored on computer horizontally into equal thickness. Based on this slice data,
the laser scans the thin liquid resin layer to formfite solid laye Liquid resin is then pouredver

this cured layer of resin andjan scanned by laser to form thexnlayer according to theewt slice

data To ensure that the liquid resin on the cured res@vés, its sufiace is often swept by a blade. So,

by repeating this process and forming lagegr layer of cured resin, a solid object is formed.

Although the sufiace accurey problems are reseéd by making each layextremely thin, a small
amount of roughness of the fageeventually remains and subsequent polishing is often performed to
achieve a smooth finishor shapes which cannot be formedtojiding the layers upard, the resin is
cured on a supporThis support is also made of the same photocurable resin andagerckafter the
product has been formelor some types of resins which do not cure completely with a laser alone, the
whole product is cured bgxposure to an uléwiolet lamp after it has been formed.

The photocurable resin is composed of photopolymerizing oligamacive diluent, and photoini-
tiator. When a laser is irradiated onto this resin, the monomengoeke a series of reactions to form a
solid polymer which has a three-dimensionalwoek structure The resins used for laser stereolithog-
raphy are the radical polymerization type, the cation polymerization type, bylihid type, which is
a combination of the firstmo types The curing properties and mechanical properties of the cured resin
are important, because thedteet the applications of the cured product formed by laser stereolithog-
raply. These resins are prepared minutely by adjusting the mixture rate of the resin components and the
addiives to suit laser stereolithogtgp
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FIGURE 13.51 Principle of photocurable resin process.

In most cases, the He-Cd laser with 32& wavelength o Ar laser with 364-mnwavelength is used
as the light source. High@ower lasers ke Ar perform highe-speed beam scanning, resulting in the
increase of modeling speeks stown in Figure 13.5.2 these lasers scanary high speed in the same
way as the laser printer by rotatigglvanomirrors. In some special machines, the laser beexpased
from the bottom as skwn in Figure 13.5.3by anXY plotte.

Y mirror
Correction

Scanning data  Amplifier
Vat

YXX

Galvanometer mirror type

N

FIGURE 13.52 Scanning system of UV laser beam.

Laser stereolithogrdy requires three-dimensional CAD data composed dhsearor solid data in
order to create solid models. Matypes of CAD systems arew available on the m&et, and most of
the CAD data tby provide can be transmitted to laser stereolitholyagystemsAt the same time, the
laser stereolithogrdy system is equipped with a scanning program, support and reinforcing rib design
software, magnification/contraction functions, functions to determine the scanning and operating condi-
tions, and simulation functionkigure 13.5.4slows a sofivare fowchart in laser stereolithograp

The following stows the aslantages of rapid-prototypingyer material-reraving processes such as
machining.
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FIGURE 13.53 Laser beam radiation from logl (Denken).

1. Deep holes and structures with complicated internal shapes which cannot be machined simply
by cutting tools can be formed in a single process. bereone rapid-prototyping machine is
usually capable dfabricating ay type of shape.

2. Rapid prototyping requires no complicated control programs such as tool path and repositioning
of theworkpiece With the three-dimensional CAD data, there is no need for specalddge
of the cutting process, and operations from data input to deforadation are simple and short.

3. The rapid-prototyping systems produce no machinvagtes. Becausee do not vibrate and
are silent, thy can be used inffices lke OA business machine$hey can also be operated fully
automaticallyeven at night since there is no need for the management of tooling.

The major shortcomings of laser stereolithogyagre that only photocurable resins can be used and
the material strength of these materials is sligiyse than the common polymén addition, metal
products cannot be maiactured directly by laser stereolithogngp

Other Rapid-Prototyping Methods

The laser stereolithogrbp methodwas dveloped in an early stage and is currently appieensvely.
Besides laser stereolithogtgp many different types of ew rapid-prototyping methodsabe also
emeaged As stown in Figure 13.5.5 rapid prototyping can broadly be cldisi into photopolyme
powder sintering, ink jetting, fused deposition, and sheet cuthigyire 13.5.6 shows the history of
these rapid prototyping systems. Most of the methods veeetoghed in the U.Shut the photopolymer
process and sheet lamination wérst proposed in Japan.

Another photopolymer process is the mask pattern-curing metloach $h Figure 13.5.7 Similar to
the photocpying process, a master pattern based on slice data is created, this pattern on the glass sheet
is placedover a photocurable resin layeand this layer igxposed to ulviolet light. Although the
machine is lege, theexposing speed ifaster than the ake-mentioned laser beam method, and the
thickness of the product iery precise because eachfauoe formed is cut by milling to obtain precise
thin layers.
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Three-dimensional objects can also be formed bwder sintering. In the processaim in
Figure 13.5.8 powder is used instead of liquid photocurable re$ime pwder isevened out using a
roller, a CQ laser is beamed, and thewgler is bonded by heat fusion. In this cassyger is heated
up beforehand to the temperature jusblvethe melting point in the antioxidationnéronment using
N, gas. It is possible to create high-density polymer solid models as well as porous models.

Porous polycarbonate models are quite suitable fomtlestment casting modeéwith this method,
metal and ceramicgwders can also be used. Metal and ceramedprs used are coated by resin and
each metal or ceramicowder is bonded by the coated resin. Sintered porous ceramic molds can be
used for casting molds.oRder binding can be performed by spraying binding material on the loose
powder layer through the ink jet nozzle aswh in Figure 13.5.9This is also used for making the sand
mold for castingWWhenwax or resin is sprayed from the jet nozalax or resin models can bebricated
as slown in Figure 13.5.10 In this case, the diaice of the sprayed thin layer should be machined
smoothly and flatly in order to obtairertical accurey.

Figure 13.5.11shows the fused deposition method. In this methofine nozzle deposits a layer of
resin orwax. Wax is normally used to form logtax models. Fused deposition systems, in which material
is supplied by the pellet or wire, enable materials to be foragdsimilarly to general injection mold
materials lke ABS andnylon. One of thewo nozzles is used for making the support, where the support
material is usuallyvax with lower melting points.

Figure 13.5.12shows wo methods which cut thin sheets according to slice data and laminate them
to form three-dimentional objects. One method uses a laser to cut sheets applied witle adtiels
are then laminated by hot toll pressing, while the other uses a knife to cut the sheets. In the latter case,
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FIGURE 13.55 Schematic ofvarious laye-addiive fabrication processes.

adhesve is applied to sheets of paper according to the desired shape by spraying the toner using a dry
Xerox-type c@y machine. Due to the use of paper in these sheet lamination methods, the model formed
should be immediately coated toepent the absorption of moistura&lthough there is a limit to the
shapes that can be made, the methoavertheless used for makingpod models for casting, because

it is inexpensve and enablesige-sized models to be made and the model material is similara.

The common feature of all of these methods is that slice data is obtained from three-dimentional CAD
data and this slice data is used to laminate thin layers of material, which means that the same soft
can be used for all of these metho8leother feature is that all rapid-prototyping machines use the
modified printing technolog

While many of these rapid-prototyping machines tend to be gastixpensve models are alscow
available. Machine cost reduction has been evelti by proper utilization okey parts which are used
for the printe. New and impoved methods should continue to bevedoped with the introduction of
printing technolog.

Application of Rapid Prototyping

Figure 13.5.13shows the applications of three-dimentional models made by rapid prototyiiegare

mainly intended fowerifying CAD data, checking the designs, functional checks of prototyyzes,
models for mvestment casting, master models for die and model making, mold making for prototype
manuacturing, casting models, and medical use CT and MRI Akiteugh dimensional accurawas

given little importance in theerification stage of CAD data and design, high dimensional agciga

now demanded of the functional check of prototypes. Because photocurable resins contract in the
solidification process, slight distortions are generated ifattricated producAmong thevarious rapid-
prototyping machines, the photocurable resin process is most suitable for makingomplicated
shapes and obtaining the highest acgura
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TOPOGRAPHY PHOTOSCULPTURE

Blanther patent filed Willeme photosculpture
Perera patent filed Baese patent filed

Zang patent filed Monteah patent filed
Gaskin patent filed Morioka patent filed
Matsubara patent filed Moriola patent filed
DiMatteo patent filed Munz patent filed

Nakagawa laminated
fabrication of tools

1968 Swainson patent filed
1972 Ciraud disclosure

1979 Housholder patent fited
1981 Kodama publication
1982 B Herbert publication

1984 § - Marutani patent filed, Masters patent filed,
Andre patent filed, Hull patent filed

1985 Helisys founded
Denken venture started

1986 Pomerantz patent filed, Feygin patent filed,
Deckard patent filed, 3D founded, Light sculpting started

1987 Fudim patent filed, Arcelia patent filed, Cubital founded
DTM founded, Dupont Somos venture started

1988 1st shipment by 3D, CMET founded, Stratasys founded
1989 Crump patent (iled, Helinski patent filed,

Marcus patent filed, Sachs patent filed,

EOS founded, BPM founded

1990 Levent patent filed, Quadrax founded, DMEC founded

1991 Teijin Seiki venture started,
Foeckele & Schwarze founded, Soligen founded
Meiko founded, Mitsui venture started

1992 Penn patent filed, Quadrax acquired by 3D
Kira venture started

1994 Sanders Prototype started

1995 Aaroflex venture started

FIGURE 13.5.6 History of R/P (Joseph Beaman).

Photocurable resin UV exposure.  Wiping uncured  wax filling Chilling wax iayer Milling wax layer
layer preparation by mask resin

FIGURE 13.5.7 UV stereolithography (Cubital).
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FIGURE 13.5.8 Selective laser sintering process (DTM, EOS).
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FIGURE 13.5.9 Ink-jet binding process (MIT, 3D printing).
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FIGURE 13.5.10 Ink-jet process (Sanders prototype).
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FIGURE 13.5.11 Fused deposition process (Stratasys).
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FIGURE 13.5.12 Sheet cutting process. (A) Laser (LOM). (B) Cutter (Kira).

Even in laser stereolithography, accuracy has improved to a considerable extent with the improvement
of the resin and scanning method and the accumulation of know-how for positioning the reinforcing rib.
It should also be possible to attain the same accuracy as injection molds by measuring formed products,

correcting the data, or predicting errors.
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FIGURE 13.5.13 Application of rapid prototyping (source: CMET).

In general, photocurable resins are generally weak and brittle as comparedwmétitiooal polymer
parts produced by injection molds. Urethane resin which is usually useddoum casting with a
silicon rubber moldaversely copied from a rapid-prototyping model also lacks the required strength.
In order to carry out the functional check of the prototypes created, other processes which can use normal
thermoplastic should be used.

Figure 13.5.14shows an intke manifold for car engines made by laser stereolithdgrdiis seves
as a test model for checkirilgiid performance of aiFor such purposes, current photocurable resins
available pove relaively satisactosy.

FIGURE 13.5.14 Sample for fluid dynamic analysis.
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Although the powder sintering process can apply some metals, there is no suitable rapid-prototyping
technique which can directly form products from metal materials at the moment. Research activities are
underway to study the feasibility of producing molds from metal materials directly using a three-
dimentional printing technique. In a general application, the lost wax models are first made by rapid
prototyping and then used for creating metal prototypes by investment casting.

Rapid prototyping is still a relatively new technology, and therefore there are considerable opportu-
nities for technical improvements.

General Rapid Prototyping in Production

For rapid prototyping to be carried out, three-dimentional CAD data must be available. Creating the
CAD data takes far more time than creating the three-dimentional models based on the CAD data. By
realizing efficient concurrent engineering, rapid prototyping will no doubt become a very important tool.
In general, many other types of production systems can be included in the list of systems currently
termedgeneral rapid prototypingcasting and machining, etc.).

Use of Three-Dimentional CAD Data

Casting methods which are able to produce green sand molds satisfy the conditions of rapid prototyping.
Expendable pattern casting is also suitable for rapid manufacturing. In this case, a three-dimentional
polystyrene foam model is made by machining or binding. Most of the industrial products around us
are produced with dies and molds. Because they are expensive to manufacture, dies and molds are
unsuitable for making prototypes and for small-lot production. This may be a reason why rapid proto-
typing was developed; however, some prototype production methods do involve the use of dies and
molds. Flexible prototype production has been carried out in sheet metal forming with the use of the
turret punch press, laser beam cutting machine, and NC press brake. Producing dies and molds rapidly
and manufacturing using such dies and molds also fit into the category of general rapid prototyping in
the broad sense. Examples include what is known as the low-cost blanking dies using steel rule, deep
drawing die made of zinc alloy and bismuth alloy.

Among the many general rapid-prototyping systems that exist, those newly developed rapid-proto-
typing methods discussed are gradually becoming methods for creating complicated products accurately
with the use of three-dimentional CAD data. In terms of the total cost, applications of these new methods
are still limited, but the spread of three-dimentional CAD data and technological progress of rapid
prototyping should make them one of the common manufacturing techniques in the near future.
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13.6 Underlying Paradigms in Manufacturing Systems
and Enterprise Management for the 21st Century

Quality Systems
H. E. Cook

Introduction

Quality engineering has been described as the process of minimizing the sum of the total costs and the
functional losses of mafactured productsTotal costs includevariable costs,nvestment, mainte-
nance/repair costspgronmental losses, and costs of disposal oyaleng. Functional losses arise from
deviations from ideal performanc@ subset of total quality management, quality engineering, focuses
on parameter and tolerance design after ttgeetapecifications for the produave been éveloped as
part of system design.

In contrast to quality engineering, total quality management embraces the entire product realization
process. Its objeiste should be to maximize the nefue of the product to society which includeger,
selle, and the rest of societProductvalue is determined solely by the customer and can be set equal
to the maximum amount the custonveould be willing to pay for the produckor a product to be
purchased, its price must be less than its pe¥desalue to the customer at the time of purchase.
Consumer surplus is theffdirence betweewmalue and price.

The truevalue of a product is formed by the customer after assessing the [squirédbrmancever
the complete time period that he or she used it. Functional quality loss is algo &s the cost of
inferior quality which is equal to the loss\&lue incurred by a product as a result of itslatteis being
off their ideal specification points-igure 13.6.). When mantacturing costs are added talue, the
resulting sum (equal to total quality leswieonmental losses) is maximized when the laite is df
its ideal specification because of the impossibly high costs requireckeoar@roduct perfect.

A value
\ _A

Cost of
Inferior Quality

»
-

1deal Specification Attribute
Level

FIGURE 13.6.1 The relation of productalue to the cost of inferior qualit

Requirements Flow

The systems @wvpoint, asexpressed by thediv of requirements shvn in Figure 13.6.2 is helpful in
considering the full rarfications of total quality managementveley system can beivdded into
subsystems aralery system ibut a subsystem of arlger system. Each task réges input requirements
from its customer (either internal external) and sends output requirements to its suppliers.

Task Obijectives

A major objedive of the system task is to assess customer needs, to translate those needs into a complete
set of systemevel specifications for the product, and to senkiea (but partial) set of subsystem
requirements to those responsible for the subsystem. fHs&ssystem specifications and subsystem
requirements ereloped by the system task should be such that (1) customergawilto purchase the

product in a competite maketplace and, with use, find that the product meetsxoeeds their
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FIGURE 13.62 Flow of requirements from customer through enterprise.

expectations, (2) the product will meet the fiiability objectves of the enterprise, and (3) aflveon-
mental rules andegulations are mefThe system task also has the responsibility of resolvinfjicisn
which arise between subsystem tasks.

The subsystem task reéees thekey requirements from its internal customer and translates these into
a complete set of subsystem requirements and sekeys(but partial) set of component requirements
to those responsible for the component tasks. In turn, those responsible for each component task translate
the requirements reised into a complete set of component requirements and a pbuti&ky) set of
raw material requirements. Requirements set at emehihclude controls omariable costsjwvestment,
performance, reliabit durability, service, disposal,neironmental qualy, package, assembland
timing for both production and prototype parts. Synchronizatiowery important to total quality
management as parts should be iregkexactly when needed with minimaivientosy.

Parts Flow

The response to the requiremefitsv is a parts fw in the opposite direction thaedins with the
conversion of eaw materials into component$his is followed by the assembly of components into
subsystems which are shipped to the system tasik&bassemlyl The process is completed by shipping
the finished product to the custam&hus, each task etvn in Figure 13.6.1has both a planning or
design function as well as other functions including nfacturing, assemil purchasing, maeting,
service, accounting, and finandée actions teen to meet customer needs should be traceable as the
requirements fiw through the enterpris®Vith the systems wivpoint, all parameters are measured or
computed at the full systeravkl includingvalue, costs, andwestment.

Task Management

Within each task slwn in Figure 13.6.2are subtasksThe combined &éw of requirements and parts
between everal subtasks is stvn in Figure 13.6.31sing a modified IDEF representation. Requirements
are slown as controls whichdlv from left to right, and parts, in response, areashas fowing from
right to left.

Each task is accomplished byercising its authont responsibiliy, and capabilit Authority to set
requirements on parts should rest fully and undiluted with the taskirecéhe partsThe task which
ships the parts should possess the full authagsponsibiliy, and capability to marfacture the parts
for its custome Before sourcing of parts, demonstration of capability by the faatwrer is a vital
element of sound quality engineering. Capability is ultimately determined by the set of tools which the
task has at its disposal and includes the skillseapdrience of the people as well as the hare and
software used by them.

Because a broad range of skills is needed, the regeipegtise is generated by forming a team to
carry out the task. Quality tools used by the teams include structured methodologies Fagirchi
methods (design oéxperiments), quality function deglment, failure mode #ects and criticality
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FIGURE 13.6.3 The flow of requirements and parts in a modified IDEFO (function model) representation.

analysis, statistical process control, cost analysis, and value analysis. It is highly recommended that final
authority and responsibility for each task rest with one person.

Fundamental and Bottom-Line Metrics

A variety of parameters can be used to measure the progress of quality improvements. These include
things such as the degree of customer satisfaction expressed for the product, the frequency of repair,
and the variance found in product dimensions and performance levels that directly impact value to the
customer. Repair and operating costs borne by the customer subtract from value if they are greater than
what was anticipated by the customer. Likewise, resale price subtracts form value if it is below what
the customer expected. Performance degradation of the product over its lifetime of use subtracts from
its value. Noise and atmospheric pollution caused by the manufacture and use of the product subtract
from the net value of the product to society. The costs to manufacture and develop the product subtract
from the net value received by the manufacturer. Moreover, products which are not improved in value
and reduced in costs at the pace of competing products will likely be eliminated from the market in time.
These metrics can be grouped into one of three categories — value, cost, and the pace of innovation.
They represent the fundamental metrics for the product because they determine what the bottom-line
metrics of profitability and market share will be. Management of the fundamental metrics is the man-
agement of total quality and, likewise, the management of the total enterprise. The level of sustained
profitability is the best measure of how well total quality is being managed in competitive markets.

Collaborative Manufacturing
James J. Solberg

Introduction

The world of manufacturing is undergoing rapid change in almost every aspect. It has become something
of a cliché to speak of paradigm shifts, but there is no doubt that many assumptions, beliefs, and practices
of the past are being seriously questioned. Meanwhile, the daily struggle of manufacturing enterprises
to cope with the ordinary problems of producing products and satisfying customers goes on. In ecological
terms, manufacturing companies are faced with a competitive struggle for survival (as always), aug-
mented with the additional challenge of a changing climate. It is not surprising that many people are
confused about what is happening and what to do about it.
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What Is Collaborative Manufacturing (CM)?

CM is a very broad arena which incorporates many other topical themes of the day, including team
design, computer-supported collaborative work, agile manufacturing, enterprise integration, virtual enter-
prises, high-performance distributed computing, concurrent engineering, computer-integrated manufac-
turing, virtual reality, global sourcing, and business process reengineering. In general, CM is defined by
the following attributes:

« Integrated product and process development, including customers and suppliers;
« Flexible manufacturing distributed over networks of cooperating facilities;
« Teamwork among geographically and organizationally distributed units;

¢ High-technology support for the collaboration, including high-speed information networks and
integration methodology;

< Multidisciplines and multiple objectives.
What is the payoff for CM? Companies that can engage effectively in CM will have the potential for

« Better market opportunities;

« A wider range of design and processing options over which to optimize;
« Fewer and looser constraints restricting their capabilities;

« Lower investment costs;

« Better utilization of resources;

 Faster response to changes.

Obviously, we are still a long way from being able to do what was described in our scenario. However,
many of the pieces are already available, and many of the enabling technologies are rapidly coming into
commercial use. The high-speed networks (well beyond current Internet speeds) are being developed
and are certain to become both cost-effective and ubiquitous within a few years. The needed software
developments, such as agent programming languages and interoperability standards, are progressing
nicely. Nevertheless, an enormous agenda for needed research can be derived from unmet needs,
particularly in areas that directly relate traditional manufacturing to information technology. Bridging
these two research communities will not be easy, but the effort will offer great rewards to those who
succeed.

Who Is Doing CM?

A great deal of the current work in CM and related themes is best accessed through the Internet.
Understandably, the most active researchers in these fields are “Internet aware” and use it for both
gathering and distributing their knowledge. Consequently, the best way to survey recent work is to
browse the net, following links to associated sites. Unfortunately, the medium is so dynamic that material
can appear or disappear at any time. A few of the better home pages are given here as starting points.
Search engines can pick up more current connections.

« ACORN — A project involving Carnegie Mellon University, MIT, the University of Michigan
and Enterprise Integration Technologies, Inc. (EIT):

(http://lwww.edrc.cmu.edu:8888/acorn/acorn_front.html).

» Agile Manufacturing projects and organizations — A wide range of research an development
projects funded through DARPA and NSF:

(http://absu.amef.lehigh.edu/NIST-COPIES/pimain.html).

 SHARE — A DARPA-sponsored project to create a methodology and environment for collabo-
rative product development, conducted by EIT and Stanford:

(http://lgummao. stanford.edu/html/SHARE/share.html).
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* SHADE — Another DARPA-sponsored project, SHAred Dependency Engineering, information
sharing aspect of concurrent engineering. It is led by the Lockheed Al Center, with help from
Stanford and EIT: (http://hitchhiker.space.lockheed.com/aic/shade/papers/shadeoverview.html)

¢ Succeed — An NSF education coalition, which is investigating collaboration technologies to
support research and education: (http://fiddle.ee.vt.edu/succeed/collaboration.html).

¢ Purdue Center for Collaborative Manufacturing — An NSF-sponsored engineering research center
focused on the entire range of CM issues: (http://erc.www.ecn.purdue. edu/erc/).

¢ Groupware yellow pages: (http://www.consensus.com:8300/GWYP_TOC.html).

¢ Human computer interaction: (ftp://cheops.cis.ohio-state.edu/pub/hcibib/README.html).
« Computer Supported Collaborative Work yellow pages: (http://www.tft.tele.no/cscw/).

¢ Cross platform page: (http://www.mps.org/~ebennett/).
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Electronic Data Interchange
Chris Wang

Introduction

Electronic data interchange (EDI) is a method to exchange business information between computer
systems. In a traditional purchasing environment, buyers, when placing computer-generated orders, will
mail them to suppliers, and it could take days before the suppliers receive them and then rekey the orders
into their computer system. Using EDI, the buyer's computer system can generate an EDI standard order
transaction and transmit it directly to the supplier’s inventory system for material pickup. It happens
instantly. The benefit of EDI is quite obvious in this case as it reduces material lead time dramatically.
Consequently, the objectives of EDI implementation should not be limited to just reducing paperwork
and clerical work; instead, it should be used as a methodology to streamline company processes and
become competitive in the marketplace.

EDI Elements
EDI consists of the following elements:

e Trading partners — The parties, such as a manufacturer and a supplier, who agree to exchange
information.

e Standards — The industry-supplied national, or international formats to which information is
converted, allowing disparate computer systems and applications to interchange it. This will be
discussed in more detail later.

« Applications — The programs that process business information. For example, an orders appli-
cation can communicate with an orders entry application of the trading partner.

« Translation — The process of converting business information, usually from a format used by an
application, to a standard format, and vice versa.
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 Electronic transmission — The means by which the information is delivered, such as a public
network. Some companies may choose to build their own transmission facilities. For others, VAN
(value-added network) seems to be a good choice as companies do not have to invest heavily in
communication equipment and personnel to support it. The VAN provider can handle disparate
communication hardware and software and provide wide-area network access at a reasonable cost.

EDI in Manufacturing

In the present-day business environment, many companies are turning to just-in-time (JIT) and other
techniques to compete as effectively as possible. EDI can make an important contribution to the success
of JIT by ensuring that information exchanged between business partners is also just in time.

In traditional manufacturing, material is stored in quantities much larger than required because of
faulty components and possible waste in the production process. To solve problems of carrying safety
stock and still producing high-quality product, JIT seems to be an effective technology.

JIT systems are designed to pull raw materials and subassemblies through the manufacturing process
only when they are needed and exactly when they are needed. Also, with rapidly changing production
needs, orders are getting smaller and are issued more frequently. The traditional paperwork environment
simply cannot effectively cope with this change. This is why EDI comes in to play a key role to provide
fast, accurate information to achieve these JIT goals. In other words, EDI can provide JIT information
in manufacturing processes.

¢ EDI cuts order delivery and lead time — The more control points you have in a process, the
greater the number of potential problems. EDI eliminates “control points” for the order process.
It eliminates the need to mail orders and rekey order information at the receiving end. It reduces
the material lead time for production use.

e Connect applications and processes — With EDI capability, information, such as scheduling,
orders, advance delivery notice, statistical process control data, and material safety data sheets
can pass quickly and accurately from the supplier's computer application to the customer’s
computer application, so that arriving material can be put to production use with confidence. This
meets one of the important goals of JIT, that is, to turn the supplier’s entire production line into
a vast stockroom so a company does not have to maintain a huge warehouse and the working
capital tied to excess inventory.

¢ Improve relationship with customers and suppliers — In the supply chain environment, the quicker
the chain moves, the better the customers’ needs can be met. With quicker orders, acknowledg-
ments, order changes, and invoices, EDI can satisfy customers’ needs more quickly. Also, the
time spent on order tracking and error recovery can now be used in a more productive way and
can improve customer/supplier relationships. Companies deeply involved in EDI may see the
number of suppliers reduced. This is because through the EDI process, a company can weed out
many suppliers who are not efficient and reliable.

EDI Standards

When two organizations exchange business forms electronically, information is encoded and decoded
by the computer software of both parties. Therefore, the information must be unambiguous, in order to
avoid different interpretations. This relates to the meaning of the terms used, the representation of data
used, the codes to be used for data, and the sequence in which data are to be transmitted. All these
parameters must be arranged between the two parties on a detailed level.

There are many standard types — it can be based on bilateral agreement, imposed by a dominating
party in a certain marketplace, or jointly developed by an industrial group. Some standards have been
ratified by international organizations.

The pioneer of EDI standard development was the transportation industry. TDCC (Transportation
Data Coordinating Committee) developed sets of standards for transportation mode — air, ocean, motor,
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and rail. Later, the U.S. grocery industry developed a set of standards, UCS (Uniform Communication
Standard), based on TDCC structure.

The TDCC and UCS are more geared toward the business forms exchanged by shipper/carrier, for
example, bill of lading. Not until the American National Standards Institute got involved did a general
use standard for all industries start to develop, leading to the birth of ANSI X12 standards.

The ANSI X12 is popular in the U.S. Although ANSI X12 is intended for all industries, different user
groups still come up with their own conventions to address their specific needs but remain under the
X12 umbrella. To name a few, there are AIAG (Automotive Industry Action Group) for the auto industry,
CIDX for the chemical industry, and EIDC for the electronic industry.

In Europe, at approximately the same time period, under the leadership of the United Kingdom, the
TDI (Trade Data Interchange) was developed. The TDI syntax and structure are quite different from the
ANSI X12. To resolve the incompatibility, the U.N. organization UNJEDI was formed to develop an
EDI international standard containing features from both TDI and ANSI X12. The result was EDIFACT
(EDI for Administrative, Commerce, and Transport). This is the standard to which the world is trying
to convert.

EDI Implementation

Before implementation of EDI, planning is critical to success. First, get all the right people involved in
planning and implementation of EDI. Ensure that every employee gets EDI education on how to use
EDI as a business tool to manage his or her job. Prepare a strategic plan to get approval and support
from top management. Top management should be aware of the significant benefits of EDI and has to
appreciate the potential of EDI as a business methodology to improve the bottom line.

As part of a strategic plan, it is crucial to perform an operational evaluation. This evaluation details
how the internal departments of the company function. For each paper document under evaluation,
information flow is tracked, processing procedures are scrutinized, time is measured, and costs are
calculated. This will provide top management with valuable information as important as industry trends
and competition information. The operational evaluation provides the company with detailed documen-
tation about how it does business in a paper-based environment. This information then serves as a
benchmark against which to measure projected costs and benefits of the EDI model.

Once the strategic plan is in place, available resources must be allocated to the departments that will
generate the most benefits for the company. Once EDI is implemented in the company, the next step is
to sell it to trading partners to maximize the EDI investment.

Summary

EDI is on a fast growing path. EDI software and communication services are available and not expensive.
It will not be too long before EDI becomes mandatory as a business practice. If a company is determined
to implement EDI, it should look beyond just connecting two computer systems. To achieve the best
return on the EDI investment, one should try to use EDI to improve the existing processes within the
organization and the relationship with customers and suppliers.
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