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PREFACE

The International Conference on Advanced Manufacturing Systems
and Technology - AMST is held every third year. The First International
Conference - AMST'87 was held in Opatija (Croatia) in October 1987. The
Second International Conference - AMST'90 was held in Trento (Italy) in
June 1990 and the Third International Conference - AMST'93 was held in
Udine (Italy) in April 1993.

The Fourth International Conference on Advanced Manufacturing
Systems and Technology - AMST'96 aims at presenting trend and an up-to-
date information on the latest developments - research results and industrial
experience in the field of machining of conventional and advanced materials
CIM non-conventional machining processes forming and quality assurance
thus providing an international forum for a beneficial exchange of ideas, and

furthering a favorable cooperation between research and industry.

E. Kuljanic
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WORLD TRENDS IN THE ENGINEERING OF THE
TECHNOLOGICAL AND HUMAN RESOURCES
OF MANUFACTURING
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ABSTRACT: In the period from the beginning of organized manufacturing in the 1700s to the
1900s, increasing disparate departmentalization in the developing manufacturing companies resulted
in a long-term evolutionary trend toward an increasingly splintered, "bits-and-pieces” type
operational approach to manufacturing. Then in the 1950s, the "watershed" event of the advent of
digital computer technology and its application to manufacturing offered tremendous promise and
potential to enable the integration of those bits-and-pieces, and thus, through computer integrated
manufacturing (CIM) to operate manufacturing as a system. This initiated a long-term technological
trend toward realization of that promise and potential. However, as the technology to do that
developed, it was discovered in the late 1980s that that technology would only live up to its full
potential if the engineering of it was integrated with effective engineering of the human-resource
factors associated with the utilization of the technology in the operation of the overall system of
manufacturing in manufacturing companies (enterprises). This new socio-technological approach to
the engineering and operation of manufacturing has resulted in a powerful new long-term trend -- one
toward realistic and substantial accomplishment of total integration of both technological and
human-resource factors in the engineering and operation of the overall system of manufacturing in
manufacturing enterprises. A second consequence of this new approach to the engineering of
manufacturing is a strong imperative for change in the programs of education of manufacturing
engineers. As a result, the higher education of manufacturing professionals is now beginning to
respond to that imperative.

Published in: E. Kuljanic (Ed.) Advanced Manufacturing %‘g;tems and Technology,
CISM Courses and Lectures No. 372, Springer Verlag, Wien New York, 1996.



2 M. E. Merchant

1. INTRODUCTION

In my keynote paper presented at AMST 93 I discussed broad socio-technical and specific
manufacturing long-term trends which had evolved over the years and were at work to
shape manufacturing in the 21st century. Since that time those trends have not only evolved
further, but are playing an even more active and better understood role in shaping
manufacturing. In addition, they are shaping not only manufacturing itself, but also the
education of tomorrow’s manufacturing engineers. Therefore, in this paper, which is
somewhat of a sequel to my 1993 paper, we will explore the nature and implications of that
further evolution and understanding.

What has happened in these areas is strongly conditioned by all of the long-term trends in
manufacturing that have gone before, since the very beginnings of manufacturing as an
organized industrial activity. Therefore, we will begin with a brief review of those trends,
duplicating somewhat the review of these which was presented in the 1993 paper.

2. THE EARLY TREND

Manufacturing as an organized industrial activity was spawned by the Industrial Revolution
at the close of the 18th century. Manufacturing technology played a key role in this, since it
was Wilkinson's invention of a "precision" boring machine which made it possible to bore a
large cylinder to an accuracy less than "the thickness of a worn shilling”. That precision was
sufficient to produce a cylinder for an invention which James Watt had conceived, but had
been unable to embody in workable form, namely the steam engine. Because of Wilkinson's
invention, production of such engines then became a reality, providing power for factories.

As factories grew in size, managing the various functions needed to carry on the operation
of a manufacturing company grew more and more difficult, leading to establishment of
functional departments within a company. However, the unfortunate result of this was that,
because communication between these specialized disparate departments was not only poor
but difficult, these departments gradually became more and more isolated from one another.
This situation finally lead to a "bits-and-pieces" approach to the creation of products,
throughout the manufacturing industry.

3. AWATERSHED EVENT

Then, in the 1950s, there occurred a technological event having major potential to change
that situation, namely the invention of the digital computer. This was indeed a watershed
event for manufacturing though not recognized as such at the time. However, by the 1960s,
as digital computer technology gradually began to be applied to manufacturing in various
ways (as for example in the form of numerical control of machine tools) the potential of the
digital computer for manufacturing slowly began to be understood. It gradually began to be
recognized as an extremely powerful tool -- a systems tool -- capable of integrating
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manufacturing’s former "bits-and-pieces" to operate it as a system. This recognition
spawned a new understanding of the nature of manufacturing, namely that manufacturing is
fundamentally a system. Thus, with the aid of the digital computer, it should be able to be
operated as a system.

Out of this recognition grew a wholly new concept, namely that of the Computer Integrated
Manufacturing (CIM) System -- a system having capability not only to flexibly automate
and on-line optimize manufacturing, but also to integrate it and thus operate it as a system.
By the end of the 1960s this concept had led to initial understanding of the basic
components of the CIM system and their inter-relationship, as illustrated, for example, in
Figure 1.

PERFORMANCE
PRODUCT PRODUCTION PRODUCTION PRODUCTION PRODUCTION
DESIGN PLANNING CONTROL EQUIPMENT PROCESSES FINISHED PRODUCTS
| (FOR (PROGRAM- > (FEEDBACK, S (INCLUDING > (REMOVAL, (FULLY ASSEMBLED,
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ADAPTIVE TOOLS) CONSOLI- READY FOR USE)

OPTIMIZING) DATIVE)
A . Y v

COST AND CAPABILITIES
<

_4 NEEDS
(PRODUCT REQUIREMENTS)

| « CREATIVITY
(PRODUCT CONCEPTS)

Figure 1. Initial Concept of the Computer Integrated Manufacturing System, 1969

4. NEW INSIGHT EMERGES

What followed during the 1970s and early 1980s was a long, frustrating struggle to develop
and implement CIM system technology in order to reduce it to practice in industry and thus
reap its inherent potential benefits. It is important to note, however, that the focus and
thrust of this struggle was almost totally on the technology of the system. As the struggle
progressed, and the technology finally began to be implemented more and more widely in
the manufacturing industry, observation of the most successful cases of its reduction to
practice began to make clear and substantiate the very substantial benefits which CIM
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technology has the potential to bring to manufacturing. The most significant of these were
found to be the following.

Greatly:

increased product quality
decreased lead times

increased worker satisfaction
increased customer satisfaction
decreased costs

increased productivity
increased flexibility (agility)
increased product producibility

However, a puzzling and disturbing situation also emerged, namely, these potential benefits
were able to be realized fully by only a few pioneering companies, worldwide! The reason
why this should be so was not immediately evident. But by the late 1980s the answer to this
puzzle, found by benchmarking the pioneering companies, had finally evolved. It had
gradually become clear that while excellent engineering of the fechnology of a system of
manufacturing is a necessary condition for enabling the system to fully realize the potential
benefits of that technology, it is not a sufficient condition. The technology will only perform
at is full potential if the human-resource factors of the system are also simultaneously and
properly engineered. Further, the engineering of those factors must also be integrated with
the engineering of the technology. Failure to meet any of these necessary conditions defeats
the technology! In addition, it was also found the CIM systems technology is particularly
vulnerable to defeat by failure to properly engineer the human-resource factors. This fact is
particularly poignant, since that technology is, today, manufacturing’s core technology.

5. ENGINEERING OF HUMAN-RESOURCE FACTORS IS INTRODUCED

Efforts to develop methodology for proper engineering of human-resource factors in
modern systems of manufacturing gradually began to be discovered and developed.
Although this process is still continuing, some of the more effective methodologies which
have already emerged and been put into practice include:

e empower individuals with the full authority and knowledge necessary to the
carrying out of their responsibilities

¢ use empowered multi-disciplinary teams (both managerial and operational) to
carry out the functions required to realize products

¢ empower a company’'s collective human resources to fully communicate and
cooperate with each other.
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Further, an important principle underlying the joint engineering of the technology and the
human-resource factors of modern systems of manufacturing has recently become apparent.
This can be stated as follows:

So develop and apply the technology that it will support the
user, rather than, that the user will have to support the
technology.

6. ANEW APPROACH TO THE ENGINEERING OF MANUFACTURING EMERGES

Emergence of such new understanding as that described in the two preceding sections is
resulting in substantial re-thinking of earlier concepts, not only of the CIM system, but also
of the manufacturing enterprise in general. In particular, this had lead to the recognition that
these concepts should be broadened to include both the technological and the human-
resource-oriented operations of a manufacturing enterprise. Thus the emerging focus of that
concept is no longer purely technological.

This new integrated socio-technological approach to the engineering and ‘operation of the
system of manufacturing is resulting in emergence of a powerful long-term overall trend in
world industry. That trend can be characterized as one toward realistic and substantial
accomplishment of total integration of both technological and human-resource factors in
the engineering and operation of an overall manufacturing enterprise.

The trend thus comprises two parallel sets of mutually integrated activities. The first of
these is devoted to development and implementation of new, integrated fechnological
approaches to the engineering and operation of manufacturing enterprises. The second is
devoted to the development and implementation of new, integrated highly human-resource-
oriented approaches to the engineering and operation of such enterprises. To ensure
maximum success in the ongoing results of this overall endeavor, both sets of activities must
be integrated with each other and jointly pursued, hand-in-hand.

7. IMPLICATIONS FOR EDUCATION OF MANUFACTURING ENGINEERS

Because the new approach and long-term trend described above are having a revolutionary
impact on the engineering of manufacturing, these also have very considerable implications
for the education of future manufacturing engineers. Quite evidently, these professionals
must not only be educated in how to engineer today’s and tomorrow’s manufacturing
technology, as presently. They must now also be educated in how to engineer the human-
resource factors involved in development, application and use of that technology in practice.
Further, they must also be educated in how to effectively engineer the interactions and the
integration of the two.
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The imperative that they be so educated stems from the fact that, if they are not, the
technology which they engineer will fail to perform at is full potential, or may even fail
completely. Thus, if we do not so educate them, we send these engineers out into industry
lacking the knowledge required to be successful manufacturing engineers.

The higher education of manufacturing professionals is now beginning to respond to this
new basic imperative. For example, consider the tone and content of the SME International
Conference on Preparing World Class Manufacturing Professionals held in San Diego,
California in March of this year. (It was attended by 265 persons from 27 different
countries.) The titles of some of the conference sessions are indicative of the conference’s
tone and content; for instance:

o New Concepts for Manufacturing Education
The Holistic Manufacturing Professional

¢ Customer-Drive Curricular Development

o Teaching the Manufacturing Infrastructure

o Future View of Manufacturing Education.

8. CONCLUSION

A radical metamorphosis is now underway in the engineering and operation of
manufacturing throughout the world; much of that is still in its infancy. The main engine
driving that metamorphosis is the growing understanding that, for the engineering of
manufacturing’s technologies to be successful, it must intimately include the engineering of
manufacturing’s human-resource factors as well. Understanding and methodology for
accomplishing such engineering are still in early stages of development. Programs of
education of manufacturing engineers to equip them to be successful in practicing this new
approach to the engineering and operation of manufacturing are even more rudimentary at
this stage today.

However, this new approach is already beginning to show strong promise of being able to
make manufacturing enterprises far more productive and "human-friendly" than they have
ever been before.

That poses to all of us, as manufacturing professionals, an exciting challenge!
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ABSTRACT: At present, the majority of tools used for turning titanium- and nickel-based alloys are
made of carbide. An exceptionally interesting alternative is the use of PCD, whisker-reinforced
cutting ceramic or PCBN tools. Turning nickel-bascd alloys with whisker-reinforced cutting ceram-
ics is of great interest, mainly for commercial reasons. A change from carbides to PCD for turning
operations on titanium-based alloys and to PCBN for nickel-based alloys should invariably be con-
sidered if the advantages of using these cutting materials, e.g. higher cutting speeds, shorter process
times, longer tool lives or better surface quality outweigh the higher tool costs.

1. INTRODUCTION

Titanium- and nickel-based alloys are the materials most frequently used for components
exposed to a combination of high dynamic stresses and high operating temperatures. They
are the preferred materials for blades, wheels and housing components in the hot sections of
fixed gas turbines and aircraft engines (Fig. 1). Current application limits are roughly 600
°C for titanium-based alloys, 650 °C for nickel-based forging alloys and 1050 °C for nickel-
based casting alloys [1].

Because of their physical and mechanical properties, titanium- and nickel-based alloys are
among the most difficult materials to machine. Cutting operations are carried out mainly
with HSS or carbide tools. Owing to the high thermal and mechanical stresses involved,
these cutting materials must be used at relatively low cutting speeds.

Published in: E. Kuljanic (Ed.) Advanced Manufacturing S&stems and Technology,
CISM Courses and Lectures No. 372, Springer Verlag, Wien New York, 1996.
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Fig. 1: Titanium- and nickel-based alloys in turbine construction [MTU]

Polycrystalline cubic diamond (PCD) represents an alternative for turning titanium-based
alloys, cutting ceramics and polycrystalline cubic boron nitride (PCBN) for nickel-based
alloys. Cutting materials from these three groups are characterized by great hardness and
wear resistance. They can be used at higher cutting speeds than carbides, significantly re-
ducing overall process times while achieving equal or superior machining quality.

Reliable, cost-effective use of these cutting materials is, however, dependent on a very care-
ful matching of the cutting material category and the cutting parameters to the task in hand.
This in turn demands the most precise possible knowledge of the machining properties of
the relevant work material and the wear and performance behaviour to be expected from the
cutting materials under the given constraints.

2. TURNING TiAl6V4 TITANIUM ALLOY WITH PCD

The TiAl6V4 titanium alloy most frequently used for turbine construction is a heterogene-
ous two-phase material. The hexagonal a-phase is relatively hard, brittle, difficult to form
and strongly susceptible to strain hardening. This phase acts on the contacting tool cutting
edge like the wear-promoting cementite lamellae in the pearlite cores of carbon steels. The
machining behaviour of the cubic body-centred B-phase closely resembles that of ferrite,
which also crystallizes in the cubic body-centred lattice; it is easily formed, relatively ductile
and has a strong tendency to adhere [3].

The great technical significance of the titanium alloys is based not only on their great
strength but, above all, on the yield-point/density ratio, which no other metallic material has
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Fig. 2: Physical and mechanical properties of pure titanium, TiAl6V4 and Ck45 tempering
steel [3]

yet come close to attaining (Fig. 2). Even high-strength steels with yield point values
ofapproximately 1,000 MPa only achieve about half the ratio reached by TiAl6V4 titanium
alloy [3].

One important physical property governing the machinability of titanium alloys is their low
thermal conductivity, amounting to only about 10 - 20 % that of steel (Fig. 2). In conse-
quence, only a small proportion of the generated heat is removed via the chips. As com-
pared to operations on Ck45 steel, some 20 - 30 % more heat must be dissipated via the
tool when working TiAl6V4 titanium alloy, depending on the thermal conductivity of the
cutting material (Fig. 3, top left). This results in exceptionally high thermal stresses on the
cutting tools, significantly exceeding those encountered when machining steel (Fig. 3, top
right). In terms of cutting operations on titanium alloys, this means that the cutting tools are
subjected not only to substantial mechanical stresses but also to severe thermal stress [3, 4].

Another characteristic feature of cutting operations on titanium alloys under conventional
cutting parameters is the formation of lamellar chips. These are caused by a constant alter-
nation between upsetting and slipping phenomena in the shearing zone (Fig. 3, bottom left).
Owing to this disconinuous chip formation, tools are exposed to cyclic mechanical and
thermal stresses whose frequency and amplitude depend directly on the cutting parameters.
The dynamic components of cutting force may amount to some 20 - 35 % of the static
components. The mechanical and thermal swelling stress may promote tool fatigue or fail-
ure through crack initiation, shell-shaped spalling, chipping out of cutting material particles
or cutting edge chipping [3, 4].
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Turning processes on TiAl6V4 rely mainly on carbides in the K20 cutting applications
group. The usual range of cutting speeds is 50 to 60 m/min for roughing and 60 to
80 m/min for finishing. Oxide-ceramic-based cutting materials cannot be considered for this
task (Fig. 3, bottom right) [2 - 4]. Monocrystalline or polycrystalline diamond tools have
proved exceptionally useful for machining titanium alloys (Fig. 3, bottom right). The
diamond tools are characterized by great hardness and wear resistance, excellent thermal
conductivity as compared to other cutting materials (Fig. 3, top left), low thermal expansion
and low face/chip and flank/workpiece friction [4 - 7].
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Fig. 3: Wear-relevant properties of TiAl6V4 and comparison of cutting materials [3, 4]

The range of cutting speeds for turning operations on TiAl6V4 with PCD tools extends
from v =100 to 200 m/min. Crater wear increases with rising cutting speed. Because
crater wear is greatly reduced by the use of a cooling lubricant, PCD turning processes on
TiAl6V4 should be wet operations.

The wear-determining interactions between the work material and the cutting material dur-
ing PCD machining of titanium alloys are extraordinarily complex. They are characterized
by diffusion and graphitization phenomena, thermally-induced crack initiation, surface de-
struction due to lamellar chip formation and possible formation of a- wear-inhibiting titanium
carbide reaction film on the diamond grains [5, 6].

Owing to these varied interactions between the cutting and work materials, the performance
potential of PCD cutting materials in titanium machining processes is heavily dependent on
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the composition of the cutting material. Of particular interest are the composition of the
binder phase, its volumetric proportion and the size of the diamond grains [6].

Crater wear is a main criterion for assessing the performance potential of a PCD cutting
material in a titanium machining operation. Flank wear is of subordinate importance, espe-
cially at high cutting speeds.

The lowest crater wear in plain turning tests on TiAl6V4 titanium alloy was measured for a
PCD grade with SiC as the binder. Crater wear was heavily influenced by binder content
and grain size in the case of PCD grades with cobalt-containing binders (Fig. 4). The
greatest crater wear was observed for the PCD grade with the highest binder content and
the smallest grain size [6, 7].
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Fig. 4: Crater and flank wear in turning operations on TiAl6V4 as a function of the PCD
grade [6, 7]

Because of its catalyzing effect, cobalt also encourages graphitization of the diamond. The
result is low resistance of the cutting material to abrasive wear. These is demonstrated very
clearly by scratch marks in PCD cutting materials annealed at different temperatures. Unlike
low-binder, large-grain types, high-binder, small-grain types leave a clear scratch diamond
track on a specimen annealed at 800 °C (Fig. 5). Cobalt and diamond also have different
coctticients of thermal expansion, favouring the development of thermal expansion cracks.
This is particularly observable with fine-grained types. In combination with dynamic stress-
ing of the cutting material through lamellar chip formation, these cracks make it easier for
single PCD grains or even complete grain clusters to detach from the binder [5 - 7].

The low crater wear on the SiC-containing or large-grain, cobalt-containing PCD grains
may be due to the formation of a wear-inhibiting titanium carbide film on the diamond
grains. It is suspected that a diffusion-led reaction occurs between titanium from the work
material and carbon from the tool in the crater zone of the face at the beginning of the ma-
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chining process. The resulting titanium carbide reaction film adheres firmly to the face of the
diamond tool and remains there throughout the remainder of the machining operation. Since
the diffusion rate of carbon in titanium carbide is lower by several powers of ten than that of
carbon in titanium, tool wear is slowed down substantially [3, 8].

To achieve the lowest possible crater wear, PCD grades with large diamond grains, low
cobalt content or a B-SiC binder phase are therefore preferable for turning operations on
titanium alloys.

annealing temperature: 700 °C annealing temperature: 800 °C
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composition PCD 1 PCD 3 binder phase: WC-Co
diamond 92 % 80 % percentage volumes
binder 8 % 20 %

grit size 6-10 pm 0,5-1 ym

Fig. 5: Overall views and cross-section profiles of the scratch track on the surface of PCD
cutting materials as a function of annealing temperature [6, 7]

2. MACHINING NICKEL-BASED ALLOYS WITH CERAMICS AND PCD

Inconel 718 and Waspaloy are among the most important and frequently-used nickel-based
alloys. Both materials are vacuum-melted and precipitation-hardenable. They are charac-
terized by their great high-temperature resistance, distinctly above that of steels and tita-
nium alloys (Fig. 6).
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Fig. 6: Chemical composition of Inconel 718 and Waspaloy and comparison of their high
temperature strength with that of TiAlI6V4 and high-alloyed steel

In general, the nickel-based alloys belong to the group of hard-to-machine materials. Their
low specific heat and thermal conductivity as compared to steels, their pronounced tendency
to built-up edge formation and strain hardening and the abrasive eftect of carbides and in-
termetallic phases result in exceptionally high mechanical and thermal stresses on the cutting
edge during machining. Owing to the high cutting temperatures which occur, high-speed

oxide ceramic mixed ceramic whisker-reinforced ceramic

Al,0, + Zr0, Al, 04+ TiC, TiN AL, 0, + SiC-whisker

silicon nitride ceramics polvcrystalline cubic boron nitride

-

SigN, + MgO, Y,0, SigN, + Al,O3 + Y,0; (Sialon) PCBN + binder

Fig. 7: Alternatives to carbide as cutting material for turning nickel-based alloys
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steel and carbide tools can be used only at relatively low cutting speeds. The usual range of
turning speeds for uncoated carbides of ISO applications group K10/20 on Inconel 718 and
Waspaloy is v =20 - 35 m/min.

Alternatives to carbides for lathe tools are cutting ceramics and polycrystalline cubic boron
nitride (PCBN) [9 - 12]. These two classes of cutting material are characterized by high red
hardness and high resistance to thermal wear. As compared to carbides, they can be used at
higher cutting speeds, with distinctly reduced production times and identical or improved
machining quality.

Within the group of AlpO3-based cutting materials, mixed ceramics with TiC or TiN as the
hard component are used particularly for finish turning operations (v = 150 - 400 m/min,
f=0.1 - 0.2 mm) and ceramics ductilized with SiC whiskers (CW) for finishing and
medium-range cutting parameters (ve = 150 - 300 m/min, f = 0.12 - 0.3 mm). Oxide
ceramics are unsuitable for machining work on nickel-based alloys, owing to intensive notch
wear (Fig. 7). The Sialon materials have proved to be the most usable representatives of the
silicon nitride group of cutting ceramics for roughing work on nickel-based alloys (v = 100

face and flank wear

nofch wear: minor cutting edge

notch wear: major cutting edge
LT X v 7 d

S

Fig. 8: Characteristic wear modes during turning of nickel-based alloys with ceramics
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to 200 m/min, f = 0.2 to 0.4 mm). PCBN cutting materials are used mainly for finishing
work on nickel-based alloys.

Characteristic for the turning of nickel-based alloys with cutting ceramics or PCBN is the
occurrence of notch wear on the major and minor cutting edges of the tools (Fig. 8). In
many applications, notch wear is decisive for tool life. Notching on the minor cutting edge
leads to a poorer surface surface finish, notching on the major cutting edge to burring on
the edge of the workpiece. Apart from the cutting material and cutting parameters, one of
the main influences on notching of the major cutting edge is the tool cutting edge angle.
This should be as small as possible. A tool cutting edge angle of x; = 459 has proved fa-
vourable for turning operations with cutting ceramics and PCBN.

Current state-of-the-art technology for turning Inconel 718 and Waspaloy generally relies
on whisker-reinforced cutting ceramics. They have almost completely replaced AlHO3-
based ceramics with TiC/TiN or Sialon for both finishing and roughing operations. This
trend is due to the superior toughness and wear behaviour of the whisker-reinforced cutting
ceramics and the higher cutting speeds which can be used. These advantages result in longer
reproducible tool lives, greater process reliability and product quality and a drastic
reduction in machining times as compared to carbides (Fig. 9). The arcuate tool-life curve is
typical for turning operations on nickel-based alloys with cutting ceramic or PCBN. It
results from various mechanisms which dominate wear, depending on the cutting speed.
Notch wear on the major cutting edge tends to determine tool life in the lower range of
cutting speeds, chip and flank wear in the upper range. The arcuate tool-life curves indicate
that there is an optimum range of cutting speeds. The closer together the ascending and
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Fig. 9: Comparative tool lives: turning Inconel 718 with carbide and whisker-reinforced
ceramic
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descending arms of the tool-life curves, the more important will it be to work in the narrow-
est possible range near the tool-life optimum.

Excellent machining results are obtained with PCBN-based tools in finish turning work on
nickel-based alloys. Because of their great hardness and wear resistance, PCBN cutting
materials can be used at higher cutting speeds. These range from 300 to 600 m/min for
finish turning on Inconel 718 and Waspaloy (Fig. 10). As shown by the SEM scans in
Fig. 11, the wear behaviour of PCBN tools at these high cutting speeds is no longer
determined by notch wear, but chiefly by progressive chip and flank wear. The high
performance of the tools is assisted by the specialized tool geometry. Of interest here are
the large corner radius, which together with the low depth of cut ensures a small effective
tool cutting edge angle of kff = 300, the cutting edge geometry, which is not bevelled but
has anoedge rounding in the order of r; =25-50 pum and the tool orthogonal rake of
Yo = 0°.
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Fig. 10: Influence of microstructure and composition on the performance of PCBN grades

Apart from higher available cutting speeds and excellent wear behaviour, PCBN cutting
materials achieve longer tool lives, allowing parts to be finished in a single cut and reliably
attaining high accuracies-to-shape-and-size over a long machining time. Because of their
high performance, PCBN cutting materials represent a cost-effective alternative to
conventional working of nickel-based alloys with carbides or cutting ceramics, despite high
tool prices.

The choice of a material grade suited to the specific machining task is of special importance
for the successful machining of nickel-based alloys with PCBN cutting materials (Fig. 10
and 11). There are often substantial differences between the PCBN cutting materials
available on the market in terms of the modification and the fraction of boron nitride, the
grain size and the structure of the binding phase. The resulting chemical, physical and
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mechanical properties have a decisive influence on the wear and performance behaviour of
PCBN tools. Fine-grained PCBN grades with a TiC- or TiN-based binder and a binder
fraction of 30 to 50 vol.-% have proved suitable for finishing operations on Inconel 718 and
‘Waspaloy.
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Fig. 11: Wear profiles of PCBN cutting edges

Apart from longitudinal and face turning, the manufacture of turbine discs requires a large
number of grooving operations. Depending on groove width and depth, these are charac-
terized by the use of slender tools, by unfavourable contact parameters and by difficult chip
forming and chip removal conditions. Because tools are subject to high stresses, carbide
tools are generally used for such operations.

Studies of grooving operations on Waspaloy turbine discs have shown that whisker-rein-
forced cutting ceramic or PCBN are also excellently suited for this machining task. Both
types of cutting material can be used at much higher cutting speeds (v = 200 - 300 m/min),
with drastically reduced production times as compared to carbides (Fig. 12). In the present
case, production time was reduced from 5.6 min with carbide to 0.56 min with ceramic or
PCBN. The PCBN tools were characterized primarily by high process reliability and rela-
tively low wear, enabling several grooves to be cut with each cutting edge. Special attention
must be paid to intensive cooling for the PCBN materials, to prevent softening of the solder
used to join the PCBN blank to the carbide substrate.

Components produced with PCBN or whisker-reinforced ceramic generally achieve an
excellent surface finish. As shown by results for grooving operations on Waspaloy, grooves
machined with PCBN or SiC-whisker reinforced cutting ceramic attain distinctly better
surface roughness values than carbide-machined equivalents (Fig. 13).
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Fig. 12: Tool wear during grooving of Waspaloy as a function of the cutting material

Plastic deformation of the microstructure occurs in the surface zone of the workpiece as a
result of the machining operation, causing hardening and increased final hardness of the
work material. The extent of deformation and the size of the hardness increase are depend-
ent on the cutting parameters, tool geometry and tool wear.

Plastic deformation of the surface zone is associated with a change in grain shape. Char-
acteristic for the turning of nickel-based alloys is a pronounced arcuate deformation of the
grain boundaries against the workpiece rotation (Fig. 14). Numerous similarly arcuate slip
lines occur within the individual grains due to slipping of atomic layers along specific crys-
tallographic planes. The plastic deformation of the work material microstructure visible
under the optical microscope generally extends to a depth of 10 or 20 pm from the surface.
It is usually confined to grains lying directly at the surface, but may extend over several
grain layers at a greater workpiece depth, depending on the severity of thermal effects in the
surface zone.

The surface zone hardness increase caused by plastic deformation can be determined by
means of microhardness measurements. Inclusions, grain boundaries and other micro-inho-
mogeneities result in scatter of the individual measurements. Especially where there are
successive machining operations, hardening of the work material may lead to increased
stress on the tool and to greater wear.

Microhardness measurements reveal a significant increase in hardness in the surface zone
(Fig. 14). This amounts to roughly 100 - 200 Vickers units as compared to the hardness of
the uninfluenced base material, depending on the cutting parameters.
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Fig. 13: Surface finish of grooved Waspaloy as a function of the cutting material

Manufacturing-induced changes in the surface zone can have a substantial effect on compo-
nent properties. This applies particularly to the fatigue strength of dynamically-stressed
parts. In view of the high standards of safety and reliability demanded for jet engine parts,
the extent to which any change in cutting material and cutting parameters affects part
properties is of decisive importance.

Comparative studies of components produced with PCBN and cutting ceramic tools at high
cutting speeds showed no significant negative effects of these cutting parameters on the
surface zone structure as compared to machining with carbide tools. This conclusion applies
not only to influencing of the the surface zone but also to dynamic stressing of the compo-
nents. This is evident from a comparison of the mean values and standard deviations in the
number of cycles to failure in pulsating stress tensile strength tests on fatigue test specimens
(Fig. 15). Under the test conditions, the use of PCBN tools leads to a demonstrable but
slight increase in the number of cycles to failure. The smaller number of cycles to failure for
the specimens machined with whisker-reinforced oxide ceramics is due principally to the
increase in the feed rate by a factor of three.
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Fig. 14: Effects of the surface zone when turning Waspaloy
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Fig. 15: Fatigue strength under pulsating tensile stress of turned Waspaloy specimen
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ABSTRACT: The trend in manufacturing is towards the intelligent machining system. The output of
such a system depends significantly on machinability data of conventional and next-generation
materials. This paper discusses trends in machinability testing: conventional machinability tests,
short machinability tests, machinability index-rating and computerized machinability data system. A
discussion of new technological conditions in manufacturing follows as well as a discussion of
technological methodologics in the ncar future. Furthermore, the need for better understanding of
machining is discussed. Finally, a proposal of an integrated manufacturing testing concept is
proposed.

1. INTRODUCTION

In recent decades of our modern world the manufacturing technology and environment have
undergone significant changes. However, the changes that will occur in the near future will
be more dramatic. The trend in manufacturing is towards the intelligent machining system
able to utilize experience, indispensable data and know-how accumulated during past
operations, accumulates knowledge through learning and accommodates ambiguous inputs.
The development of intelligent machine tool is given in Figure 1, [1]. How will the
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manufacturing look like in the 21st century could be seen from M. E. Merchant’s keynote
paper presented at the AMST 93 [2].
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Figure 1. Development of the intelligent machine tool

What can we expect machinability testing to be like in the 21st century? To answer the
question we will consider trends in machinability testing: conventional machinability tests,
short machinability tests, machinability index-rating and computerized machinability data
systems. A special attention is devoted to new technological conditions in manufacturing,
technological methodologies and the need for better understanding of machining and other
production processes. Finally, an integrated manufacturing testing concept is proposed.

2. TRENDS IN MACHINABILITY

It is known that the term "machinability" does not lend itself to an exact definition.
Generally speaking, machinability signifies the "ease" of machining [3]. The general criteria
for determining the "ease" of machining the material are as follows:

¢ tool life

o surface roughness

¢ surface integrity

¢ magnitude of cutting forces or energy (power) consumption, etc.
Which criterion or criteria will be chosen for determining machinability varies in accordance
with the requirements of the particular operation or task to be performed.
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F. W. Taylor was the first researcher who had done an extensive machinability testing. He
was one of the most creative thinker according to M. E. Merchant [2]. In his well known
work [4] presented at the ASME Winter Conference in New York exactly ninety years ago,
Taylor raised three questions: "What tool shall I use?, What cutting speed shall I use?
and What feed shall I use?", with a following comment. "Our investigations, which were
started 26 years ago with the definite purpose of finding the true answer to these
questions, under all the varying conditions of machine shop practice, have been carried on
up to the present time with this as the main object still in view."

It is significant to point out that, after so many years of new facility available such as an
electron microscope, computer, machining systems, etc., we have had serious difficulties to
find the right answers to the questions. Perhaps, we have to find new approaches in finding
the answers to the above questions.

2.1. CONVENTIONAL MACHINABILITY TESTS

One of the result of the F. W. Taylor’s machinability testing was the well known Taylor’s
equation:

T=Kv}l  or (1)
v, T"=C )

where T is tool life in min, C and K are constants, v, is cutting speed in m/min, k, and m are
exponents, and m = -1/k,. In order to obtain equations (1) and (2), first tool wear curves are
to be determined using experimental tool wear data measured periodically after the effective
cutting time, for example, after S, 10, 15, etc. minutes. This procedure is given to point out
that one tool wear curve is obtained with one tool. Yet, there are still misunderstandings in
obtaining the tool wear curve.

The extended tool life equation is:

T=Kv) f* ate (3)

where fis feed in mm/rev, a, is depth of cut in mm, and Arand £, are exponents.

2.2. SHORT MACHINABILITY TESTS

Taylor’s machinability tests are called conventional or long machinability tests. Since this
procedure is material and time consuming, short or quick tests of machinability were
introduced.

There are different criteria for quick machinability testing: drilling torque or thrust, drilling
time or rate for penetration, energy absorbed in pendulum-type milling cut, temperature of
cutting tool or chip, the degree of hardening of chip during removal, cutting ratio of chip,
easy of chip disposal, etc.
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In the 1950s and 1960s some new machinability testing methods came out. For example,
quick tool life testing method was developed by applying face turning. The face turning is
done at constant number of revolutions, starting cutting at a smaller diameter and moving to
a greater diameter. In such a way the cutting speed is increased as the diameter increases
according to:

Drn
Vv =
¢ 1000

“)

where D is diameter in mm and 7 is number of revolutions in rev/min.

The linear increase of the cutting speed increases the tool wear and decreases the tool life,
thus making the test shorter. The reliability of such a method is small [5] due to different
tool wear mechanisms, Figure 2, at a lower and at a higher cutting speeds. The tool wear is
a sum of wear obtained by different tool wear mechanisms. Clearly, the obtained data can
not be applied for different machining operations. In such cases not only the tool wear
mechanisms are different but the chip formation is different in different machining
operations.

— Tool wear

£

— Cutting speed
Cutting temperature

Figure 2. Tool wear mechanisms. a - overall tool wear, b - abrasive, ¢ - diffusion,
d - oxidation and e - tool wear due to welding

Generally speaking, the reliability of machinability data obtained by quick machinability
testing methods is low. Therefore, quick machinability testing could be applied only in some
cases - in some machining operations as a preliminary test.
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2.3. MACHINABILITY INDEX-RATING

Since the workpiece material properties are influencing tool life or machinability, the
approach is to correlate tool life directly with case measured properties of the materials.
One of the first publications in machinability of steel rating was done by J. Sorenson and W.
Gates [6]. They made a graphical representation of the general relation of machinability
ratings - relative cutting speeds to hardness for hot-rolled SAE steels, Figure 3. A 100%
rating was given to SAE 1112 steel cold rolled.
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Figure 3. Machinability ratings - relative cutting speed for
hot-rolled SAE steels in relations to hardness

General machinability ratings - index for more common engineering metals and alloys were
published by Boston et all [7] in 1943, Table 1. The ratings are expressed in terms of
relative values. These figures are often called "percent machinability" or "relative
machinability", and are representing the relative speed to be used with each given metal to
obtain a given tool life. For example, a material whose rating is 50 should be machined at
approximately half the speed used for the material rating 100, if equal tool life for both is
desired.

It can be seen, that rating values in Table 1 are based on a rating of 100 for steel AISI
B1112, cold-rolled or cold-drawn when machined with a suitable cutting fluid at cutting
speed v. = 56 m/min under normal cutting conditions using high-speed-steel tools. In Table
1 the ratings given for different classes of alloys, class I to class IV, represent their relative
machinability within a given class, but the ratings for any class are not comparable with
those for any other class.
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Table 1. Machinability rating of various metals

Class1 1 £ Class IV
Ferrous 70% and higher Ferrous 40% and higher
AISI Rating Brinell Z Z AISI - Rating Brinell
% %

C1109 85 137-166 A25157 30 179-229
C1115 85 147-179 E3310" 40 170-229
Cl118 80 143-179 E9315" 40 179-229
Cl132 75 187-229 Stainless

C1137 70 187-229 18-8" 25 150-160
BI111 90 179-229 austenitic

B1112 100 179-229

BI113 135 179-229

A4023 70 156-207

Annealed prior to cold drawing or cold rolling in the production of the steel
specially mentioned

The second approach in machinability ratings is in terms of equivalent cutting speed. The
cutting speed number is the cutting speed which causes a given flank wear land in 60
minutes. Such a cutting speed is called economical cutting speed. However, the tool life of
60 minutes is not economical anymore. The economical tool life, i.e. the optimal tool life for
minimum machining cost is about 10 minutes or less in turning. Therefore, the
corresponding cutting speed is much higher than the tool life of 60 minutes.

The third approach in machinability ratings represents relative cutting speed values where
the ratings are given as letters, Table 2. "A" indicates a high permissible cutting speed and
"D" a lower cutting speed.

Table 2. Machinability rating of stainless steel (hot-
rolled, annealed)

AISI No. Hardness Machinability
Brinell rating’
AISI410 135-165 C
AISI 416 145-185 A
AIST 430 145-185 C
AIST 446 140-185 C
AIST 302 135-185 D
AIST 303 130-150 B
AISI 316 135-185 D

A - excellent, B - good, C - fair, D - poor
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The forth approach is the correlation of tool life and the microstructure of the metal.
Generally speaking hard constituents in the structure result in poor tool life, and vice versa.
In addition, the tool life is usually better when the grain size of the metal is larger.

The correlation of microstructure of steels and tool life was studied by Woldman [8].
Averages relations of tool life and surface finish to microstructure of steel were reported as
"good", "fair", "fair to good" and "poor", Table 3.

Table 3. Average relation of tool life and surface finish to microstructure of steels

Class of steel Structure Tool Surface

life finish

Low - carbon steels Cold - drawn, small grain size Good Good
Normalized Good Fair

Mild medium - carbon steel Perlitic, moderate grain size Good Good

Perlitic, small grain size Fair Good
Perlitic, large grain size Good Fair
Spheroidized Fair Poor

2.4. ACTIVITIES IN THE FIELD OF MACHINABILITY

Mostly the machinability data were obtained for turning. A research in machinability in
milling was done at The Cincinnati Milling Machine Co., today Cincinnati - Milacron in
Cincinnati, USA [9].

Perhaps most work has been done in machinability at Metcut Research Associates Inc. in
Cincinnati. As a result of such a work is the Machinability Data Handbook [10], first edition
published in 1966. The purpose of the Handbook is to provide condensed machining
recommendation for significant workpiece materials and machining operations. It supplies
the recommended speed, feed, tool material, tool geometry, and cutting fluid as well as data
for determining power requirements for various machining operations. It also contains the
most practical and readily accessible data for general shop application.

The CIRP (Colledge international pour 1" étude scientifique des tecniques de production
mecanique) - Paris, and ISO (International Standard Organization) work in machinability
was presented at the AMST'93 in [11]. In 1974 the CIRP Working Group "Milling"
accepted the author’s proposal to make a document on testing for face milling. The CIRP
document "Testing for Face Milling" [12] was completed in 1977 and accepted by ISO as a
basic document.

The Working Group 22 - Unification of Tool Life Cutting Test of the ISO Technical
Committee 29 worked from 1977 to 1985 on three documents: ISO International Standard
Tool Life Testing in Milling, Part 1 - Face Milling [13], Part 2 - End Milling [14] and
updated the ISO International Standard Tool Life Testing with Single Point Turning Tools
(ISO 3685, 1977) [15]. The CIRP document "Testing for Face Milling" and the ISO
Standards are significant basic documents in machinability testing. A survey and discussion
of the ISO Standards including the Volvo Machinability Test [16] is given in [11].
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In 1986 J. Kahles proposed to conduct a survey in the CIRP, primarily in industry around
the world, to ascertain the principal machinability data needs of industry. The results of the
survey "Machinability Data Requirements for Advanced Machining Systems" were
published in 1987 [17], and the discussion of the obtained results was presented by the
author at the 1st International Conference AMST 87 [18]. The information were gathered
from industries from twelve countries. The conclusion is that reliable machinability data on
tool life, chip control, surface finish and surface integrity are indispensable for efficient
computer integrated manufacturing.

2.5. COMPUTERIZED MACHINABILITY DATA SYSTEMS

The purpose of computerized machinability data systems is a systematic and rapid selection
of machinability data for the user, i.e. to facilitate numerical control and conventional
machining.

The development of computerized machinability data systems started in the United States
and in other places at the beginning of 1970s. One of the first machinability data systems
was developed at Metcut Research Associates Inc. - Machinability Data Center in
Cincinnati. This system considers both the cost of operating the machine tool and the cost
of tool and the tool reconditioning, and the total cost and operating time are calculated. In
order to achieve this, tool life data related to cutting speed - tool life equations for various
sets of machining parameters are required.

A series of programs were designed in different firms to help set time standards. Such a
series of programs were developed at IBM under the name "Work Measurement Aids":
Program 1 - Machinability Programming System, and Program 2 - Work Measurement
Sampling. The basis for the Machinability Programming System is that machining
operations can be related to a standard operation using a standard material and tool.
Different machining operations are related to the standard operation using speed and feed
adjustment factors. The factors are: base material, speed and feed, and adjustment factors
for each operation and for conditions of cut. The Machinability Programming System allows
for users specification of material data, machine group speeds and feeds, and operation
factors.

ABEX Computerized System was developed using the Metcut tool life equations and the
manipulative functions of the IBM Work Measurement Aids program to describe the part,
store the available rates on a wide range of machine tools, and generate cutting conditions
on short cycle operations [19]. In the ABEX system, shop-generated machining data are
organized and selected on the basis of "operation family" concepts, while tool life is defined
on the basis of the tool’s ability to hold a specified tolerances and surface finish. For
example, in turning, workpiece diameter is often such a parameter, and all operations
involved in obtaining a given range of diameters make up the "operation family". The
ABEX system provides for the selection of metal cutting conditions based on strategies
other than minimum cost or maximum production.

A mathematical model to determine cutting speed for carbide turning and face milling was
applied in the General Electric "Computerized Machinability Program” [20]. The constants
and exponents for tool life equations were developed from empirical data obtained in
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laboratory and shop tests. The considered factors affecting the tool life equations were: tool
material and tool geometry, hardness of workpiece materials, surface conditions, feed, depth
of cut, flank wear and machinability rating. The General Electric Computerized
Machinability Program calculate speeds and feeds for minimum cost, maximum production,
corresponding tool life, needed power, minimum part cost or maximum production rate.

At a same time the EXAPT Computerized Machinability Data System was also developed
[19]. This system is an NC part programming system containing geometrical and
technological features that select operation sequences, cutting tools and collision-free
motions. The EXAPT processors determine optimum machining conditions from the
economic, empirical and theoretical metal cutting conditions. The system stores information
on materials, cutting tools and machine tools. An important and extensive work has been
done by INFOS in machinability testing.

Thus, the basic data have to be obtained by testing for computerized machinability data
systems or for conventional machinability data. The machinability testing methodology will
depend on the predominant technologies and new conditions in the 21st century. Therefore,
let us examine the nature and promise of the new technologies and conditions.

3. NEW TECHNOLOGICAL CONDITIONS IN MANUFACTURING

M. E. Merchant pointed out at the AMST 93 [2] that "the digital computer is an extremely
powerful systems tool made us recognize that manufacturing is a system in which the
operation can be optimized, and not just of those individual activities, but of the overall
system as well. Thus today, as the world industry approaches the 21st century, it is engaged
in striving toward accomplishment of computer integration, automation and optimized
operation of the overall manufacturing enterprise. However, in pursuing that overall trend it
is increasingly recognizing the dual nature of the concept of CIM enterprise, encompassing
both in technological and managerial operations.” We will discuss only some technological
methodologies.

3.1. TECHNOLOGICAL METHODOLOGIES

According to M. E. Merchant [2] the first evolving methodology is concurrent
engineering - concurrent engineering of the conception and design of product and of
planning and execution of its manufacturing production and servicing. The second
important evolving methodology is that of artificial intelligence in the manufacturing.

By applying concurrent engineering methodology the product costs are reduced and the
industrial competitiveness is increased. About 70 percent of the cost of the manufacturing
production of a product is fixed when its design is completed. Since the material of the
components has to be chosen in the design, the "frozen" cost of the manufacturing can be
reduced by selecting corresponding material with better machinability. Thus the purpose is
to have more reliable machinability data.

Concurrent engineering also affects other cost savings and makes shorter the iead time
between conceptual design of a product and its commercial production.
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According to [2] "the artificial intelligence probably has greater potential to revolutionize
manufacturing in the 21st century than any other methodology known to us today".
Artificial intelligence has the potential to transform the non-deterministic system of
manufacturing into an intelligent manufacturing system which is "capable of solving within
certain limits, unprecedented, unforeseen problems on the basis even of incomplete and
imprecise information" [21] - information characteristic of a non-deterministic system.

The realization of this tremendous potential of artificial intelligence to revolutionize
manufacturing in the 21st century is surely the most challenging undertaking. It will require
revolutionary developments in the technology of artificial intelligence and massive research
and development efforts in manufacturing [2]. However, the rewards will be
magnificent.

3.2. BETTER UNDERSTANDING OF MACHINING AND OTHER PRODUCTION
PROCESSES

One part of the "massive research in manufacturing" will be carried out for better
understanding of the fabrication processes of the removal and in machinability testing of
conventional and new materials. The possibilities to do such a research are already
enormous. The identification of the machining process can be easier and more reliable by
applying mathematics of statistics, design of experiments, modeling, identification of the
machining process by the energy quanta and the entropy [22], new software, new computer
generations etc.

For example, this makes possible to determine more reliable models, as tool life equation
which includes significant interactions proposed by the author in 1973 [23]. The equation
could include: stiffness effect of machining system, the effect of number of teeth in the
cutter in milling and interactions. Such tool life equation which has been determined from
the experimental data [23] by applying new analysis facilities is:

T=211789.10° v ~4022% f -14338 ;-102674 13292 0y (5(239131Inv, Inz +

®)
+03380Inv,InS +08384InzIn S +0.0190Inv, In £, InS ~01972Inv_ InzIn §)

where T is tool life in min, v, is cutting speed in m/min, f; is feed per tooth in mm, z is
number of teeth and S is stiffness in N/mm. Multiple regression coefficient is R = 0.91862.
The time needed to determine this equation is less than a second while thirty years ago it
took days without computer. Thus it is easy to determine any equation. There is a need to
obtain empirical surface roughness equations and better understanding of chip formation
and chip control.

4, INTEGRATED MACHINABILITY TESTING CONCEPT

The integrated machinability testing is an approach in which tool life data and/or tool wear,
tool wear images, machining conditions and significant output data as dimension changing
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of the machined workpiece, surface roughness, chip form etc. are registered and analyzed in
an unmanned system, i.e., in intelligent machining system.
The analysis of the obtained data could be done for different purposes. From the tool wear
or tool life data, the tool life equations can be determined and applied to optimize cutting
conditions on the intelligent machining system. Secondly, an integrated machinability data
bank could be built up by directly transferring machinability data from the intelligent
machining system. The data obtained in this way could be used and analyzed for other
purposes, for example, for process planning, for design, etc.
The integrated machinability testing can be used for roughing and finishing machining. It
should be pointed out that the aim of the 26 years F. W. Taylor research work [4] was done
only for roughing work. He emphasized in Part 1 of [4] "our principal object will be to
describe the fundamental laws and principles which will enable us to do roughing work in
the shortest time. Fine finishing cuts will not be dealt with." However, in integrated
machinability testing the emphasis is on finishing or light roughing work due to the trend
that dimensions of forgings and castings or workpieces produced by other methods are
closer to the final dimensions of the part.
The main data that should be quoted to determine the conditions of machining are as
follows:

e machine tool and fixturing data

o workpiece data

material, heat treatment, geometry and dimensions
e tool characteristics
tool material, tool geometry

e coolant data
These data will be registered automatically.
The cutting conditions: cutting speed, feed and depth of cut will be chosen by a computer
applying the design of experiments. The advantage of applying the design of experiments in
industrial conditions is to obtain data from the machining process in a shorter time. For
example, the reduction of needed tests is from about fifteen tests to five or seven tests when
Random Strategy Method [24] is applied using computer random number generator.
The tool wear and tool life will be determined by intelligent sensor systems with decision
making capability [25]. The tool wear images and the dimensions of tool wear, like VB - the
average tool wear land, will be measured, analyzed and saved automatically in a computer.
The surface roughness, the hardness of the machined surface, perhaps the surface integrity,
the dimensions of the machined workpiece will be analyzed and saved too. It will be
possible to analyze the chip form and to classify it according to ISO numeric coding system
[11]. From such data tool wear or the tool life equations (3) or (5), or some other
relationships for the identification of machining process, will be easily determined by
regression analysis.
The tool life equations obtained by integrated machinability testing can be used for different
purposes. First for in-process optimization of machining conditions. Secondly, to building
up the machinability data bank with more reliable data. Such a data bank would receive the
machinability information, as tool life equations etc., directly from intelligent machining
systems. Thus, the data in such a data bank would be more reliable. The machinability data
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bank would be self regenerative and a small factory could have a proper machinability data
bank.

5. CONCLUSION

In accordance to the considerations presented in this paper, we may draw some conclusions
about how the machinability testing might be in the 21st century. Based on what we already
know the machinability testing will be possible to integrate with the machining in intelligent
machining system in industrial conditions without a direct man involvement.

The integrated machinability testing (IMT) concept is an approach in which tool life data
and/or tool wear, tool wear images, machining conditions, and the significant output data
such as dimension changes of the machined workpiece, surface roughness, chip form etc.,
are registered and analyzed in an unmanned system, i.e. in intelligent machining system.

The machinability data and other information obtained from machining in new industrial
conditions on such machining systems will be used for in-process optimization of machining
conditions and self monitoring. For this purpose, quantitative machinability models for
process physics description should be applied to intelligent machining systems.

An integrated machinability data bank could be built up even in a small factory by directly
transferring machinability data, tool wear images and other relevant information from the
intelligent machining system. Thus the reliability of the machinability data could be
increased. The effect of stiffness of the machining system and other significant factors will
be included. The data of the integrated machinability data bank will be useful in design for
material selection to decrease the "frozen" cost, Chapter 3.1., for process planing, etc.

In order to improve intelligent machining systems and make them more reliable, machining
and process physics researchers should be included more in control teams.

By applying the integrated machinability testing concept in the intelligent machining systems
we could find more adequate answers to F. W. Taylor questions, "what speed shall I use"
and "what feed shall I use", after hundred years.
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ABSTRACT: For an economic application of high speed machining in die and mold
manufacturing it is necessary to optimize the cutting process by specific cutting strategies.
The influence of an optimized technology on the machine tool itself is very important and
must be recognized for the development of new machines and their components.

1. INTRODUCTION

Molds and dies have to be manufactured at low cost in shorter and shorter time. For this
reason, the entire product generation process must be investigated for opportunities of
reducing the time from idea to final product as well as for simultaneously minimizing the
costs [1-5]. As can be seen from Fig. 1, there are various approaches, with high speed
cutting (HSC) of the mold contour being of special importance. Basically, high speed
cutting of steel and cast-iron molds is however reasonable only for the finishing or pre-
finishing operations (Fig. 2). Machining of steel or cast-iron molds must therefore be split
up into

- rough-machining, on efficient standard NC machines as previously and
finishing or pre-finishing on high speed machines.

Published in: E. Kuljanic (Ed.) Advanced Manufacturing &;tems and Technology,
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2. CUTTING STRATEGIES

The major objective in metal cutting is the closest possible approximation to the final
contour, especially also for free-form surfaces. Since in high-speed cutting it is possible to
use feeds five to eight times faster than usual, the cutter lines can for the same finishing
time be made five to eight times closer than in conventional milling. As can be seen from
Fig. 3, this results in a much better approximation to the final contour. For completion, only
minor corrections of dimensions and surfaces are required which as a rule are made
manually. This means that the manual rework time involved with smoothing and polishing
is substantially reduced. This is the reason why for high-speed machining of molds and dies
various strategies can basically be used:

1. High speed cutting itself does not reduce the mechanical manufacturing time, but due
to the close approximation to the final contour, manual rework is reduced
substantially.

2. HSC can also be used to reduce the manufacturing times in finishing and prefinishing
operations, but in that case the potential of choosing very close line widths is not fully
made use of. This will increase rework times to a certain extent.
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: desired = (tool diameter D: 10 mm /
LR T ., contour Eon -
: : " liné space 2
line space T oo

real contour <

&
0 ]

0 0.2 0.4 0.6 0.8 1
line space [mm]

Fig. 3: Surface roughness - influence of line space

It is therefore necessary to consider in each case whether the cutting strategy 1 or 2 will in
total bring about superior time and cost reductions.
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High

speed machining has many advantages, but one essential disadvantage, i.e tool wear

which increases substantially with increasing cutting speed. It is therefore required to
economically get this negative effect under control by using the following means:

1.

30
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Optimization of technological parameters

Tool life is a close function of feed, cutting speed and infeed depth, the tool life
optimum being within a relatively small range of adjustment of the parameters which
must be determined individually for each material/tool combination [6, 7].

Improvement of setting conditions

A decisive factor for wear behaviour of the tool is the choice of its lead angle in or
across to the feed plane. For steel 40 CtMnMo 7, Fig. 4 clearly shows the influence
exerted by the tilting angle on both tool life and surface quality in machining a mold.
The tool life optimum is to be found at tilting angles of approx. 15 degrees [8]. This
also results in the best surface quality characteristics. In this case, inclination in the
feed plane is more useful, because a lead of the tool accross to the feed plane will
cause higher impact loads to occur, thus reducing lool life substantially.

tool life [m]
L = material . 40CrMnMo7 (1.2311)
' AN tool
v . < (ball head) 1@ 20 z=1
o RN cutting material : K05
P A N I B overhang 60 [mm]
t - 4 . N . . N N

q N . I+, | mean cutting speed vc: 300 [m/min]
/ N M. rise per tooth fz 10,2 [mm]

14 L 1~. | cutting depth 1 [mm]

line space :0,7 [mm]

-+ VBmax = 0.3 mm -+ VBmax = 0.5 mm) down-cut/drawing cut
-+ VBmax = 0.4 mm -« VBmax = 0.6 mm

T

0 10 20 30 40 50
tilting angle B¢ [°]

Fig. 4: Influence of the cutter’s setting on tool life

3.

Choice of the proper cutting material

The choice of the proper cutting material has decisive importance for tool life. It turns
out that for cutting 40 CrMnMo 7 the use of Cermets (surface-treated) brings the best
results (Fig. 5, left). On the other hand, CBN turns out to be a better choice for
machining cast-iron GG25CrMo, a material also much used in die and mold making
(Fig. 5, right).
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Fig. 5: Wear of different cutting materials when machining

4,

Choice of the proper tool

However, the tool life of the cutter to be chosen will not only depend on the cutting
material but also on the geometry or the tool length possibly required for structural
reasons. Fig. 6 shows that the feed per tooth has to be considerably decreased with
increasing projection length of the cutter. However, it is important to consider all of
the technological parameters simultaneously when tool life is to be optimized. Fig. 7
shows that, with the technological parameters mentioned, optimum values for
machining 40 CrMnMo 7 can be achieved by a combination of cutting speed

ve = 300 m/min and feed per tooth f, = 0.3 mm.

Use of the proper cutting strategies

A determining factor influencing both surface quality and dimensional and shape
accuracy is the cutting strategy. The different effects of the various cutter guidance
strategies can be seen from Fig. 8. Inclination in the feed plane combined with draw
cut and down milling is the most appropriate strategy. Reciprocal milling for surface
generation causes a substantial reduction of tool life. Boring cuts tilting angle
exceeding +/- 15 degrees should be avoided as far as possible in order to keep
dimensional deviations within reasonable limits (Fig.9).
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3. REQUIRED MACHINE TOOLS

For achieving high surface quality and dimensional accuracy, the mold element must be
made as far as possible with a milling cutter inclined by 15 degrees, using draw cut and
down milling without reciprocal machining. Regarding the operating strategy, this means
that the tool must frequently be retracted in order to permit machining in a single direction
only. This results in major idle strokes. In order not to jeopardize the economic efficiency of
the operation due to this condition, thus compensating the time gained by high speed
cutting, machines must be used which permit performance of this retracting motion in
extremely short time. Considering the high acceleration and deceleration requirements
involved, this means that only the new generation of milling machines with linear drive
systems can be used for this purpose.

Fig. 10 shows the machine specially developed by PTW for die and mold making.

In view of the fact that the machines available today frequently are not yet capable of
achieving the required speeds in five axes (control problems!), it is advisable to use 3-axis
machining, with a 4th and 5th axis being additionally available for setting the tilting angle
required in each case for the cutter.

spindle power 7..12 kW

spindle speed 30 000 - 40 000 1/min
path

XxYxZ 400 x 400 x 300 mm

rapid motion X, Y,Z 60 ... 80 m/min
machining feed X, Y, Z 30 ... 50 m/min
acceleration 20 ... 30 m/s?

positionning accuracy 2 pym
dynamic path accuracy 5 um
measuring system

definition 0.1 pm

Fig. 10: HSC-machine with linear drives
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4. CONCLUSION

Application of high speed cutting in die and mold manufacturing results in substantial time
reductions. In extreme cases, as is shown by a practical example, even finishing times
slightly increased as compared with a conventional NC machine can permit obtaining
overall time reductions. In the case of a mold rough-machined to 0.5 mm oversize, the
finishing time on a conventional NC machine amounted to a total of 36 hours, the total
manual reworking time was 70 hours, thus resulting in a total manufacturing time of 106
hours. As compared with this, application of a HSC machine involved a finishing time of
40 hours and manual reworking time of just 14 hours, i.e. a total of 54 hours. This resulted
in a time reduction of almost 50 % due to the application of this new technology (Fig. 11).

For economic considerations it is therefore indispensable to include the production planning
process as a whole.
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Fig. 11: Comparison of normal milling and high-speed milling
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ABSTRACT: During cold forming processes ductile fractures are sometimes encountered,
depending on the operating parameters and on the material properties and determining the
production of defective components to be discarded; for this reason the development of a general
approach for the prediction of this type of defects is particularly su1table and this aim has been
pursued by a large number of researchers in the last two decades. In ‘the paper the most important
and diffused models are described and analysed in order to outline the advantages offered by each
of them. Some applications to typical metal forming processes are presented, carrying out a
comparison between the numerical predictions and the experimental verifications.

1. INTRODUCTION

An always increasing emphasis on the production of components with "zero defects” is
nowadays observed in the automotive and aerospace industries; "zero defects", in fact,
means no discards and allows a significant cost reduction. These reasons have determined
an increasing interest in developping a general approach for the design of processes aimed
to prevent the occurrence of defects.

In the industries named above cold forming processes are largely used since they permit to
obtain near-net shape or net shape forged parts characterised by shape and dimensions very
close to the final desired ones, thus requiring little or no subsequent machining operations.
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During cold forming processes several classes of defects can arise; generally it could be
observed that a defect occurs when the forged component do not conform to the design
specifications, making it unsuitable for the purpose for which it was designed [1].
In particular the defects which most frequently are encountered in bulk metal forming
processes can be classified as follows:
» ductile fractures (cracks), occurring inside or on the external surface of the forged
component;
» flow defects, which include both imperfections such as buckling or folding, linked to
plastic instability phenomena;
+ shape and dimensional inaccuracies, caused by an uncomplete filling of the die cavity
or by distorsions induced by residual stresses;
 surface imperfections, linked to an unappropriate quality of the manufactured surface,
unsuitable for the purpose for which the component was designed;
» unacceptable modifications of the mechanical properties of the material, due to the
microstructural transformations occurring during the forming process.
Among these classes of defects the former one is surely the most important, since its
incidence in forged components can result in very serious consequences for the automotive
and aerospace industries. Actually the production of a defective forged part could
determine the occurrence of costs to the manufacturer at some different leves: first of all, if
the defect is easily discernible to the naked eye, the costs are linked only to the discard of
the defective component and, in a traditional industrial environment, to the development
and experimental testing of a new forming sequence. The costs to the manufacturer
increase if the defect is not detectable until all the subsequent processing has been carried
out; finally the worst consequence level is reached when the forged component fails in
service, causing the loss of the facility and sometimes of human lifes.
The above considerations show the importance of a new and advanced type of metal
forming process design, namely a design to prevent process- and material-related defects.
Such a design should be based on general methods able to assist the designer, suggesting
the role of the process and the material parameters on the process mechanics in order to
avoid the occurrence of defects.
Actually the causes of cracks insurgence in bulk forging processes are complicated and
often there is not an unique cause for a defect. Despite these difficulties the most inportant
causes of defects can be individuated in the metallurgical nature of the material, with
particular reference to the distribution, geometry and volume fraction of second phase
particles and inclusions, in the tribological variables, including die and workpiece
lubrication, and finally in the forming process operating parameters, i.e. the forming
sequence, the number of steps in the sequence and the geometry of the tools in each step.
Consequently in the last two decades the attention of most of the researchers has been
focused on the understanding on the origin of ductile fractures; the mechanism which
limits the ductility of a structural alloy has been explained by Gelin et al.[2] and by
Tvergaard [3], taking into account the nucleation and the growth of a large number of small
microvoids. The voids mainly nucleate at second phase particles by decohesion of the
particle-matrix interface and grow due to the presence of a tensile hydrostatic stress; as a
consequence the ligaments between them thin down until fracture occurs by coalescence.
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These phenomena, generally called "damage" or "plastic ductile damage" [4] determine a
progressive deterioration of the material, both as the elastic and the plastic properties are
concerned, decreasing its capability to resist to subsequent loading.

Several criteria and theories have been developed and proposed in the literature which take
into account the fracture mechanism described above and are aimed to follow the evolution
of damage and consequently to evaluate the level of "soundness" of the forged material.

On the other hand other researchers [5,6] have observed that the limitations of the forming
operations are linked mostly to plastic instability phenomena, which yield to the
localization of the deformations in shear bands or strictions inside or on the surface of the
forged component. Such a strain localization, in fact, favours the growth of damage and
leads to ductile fracture. For this reason the attention of these researchers has been focused
on the prediction of the plastic instability phenomena: the sufficient criteria for stability
have been proposed, essentially based on the evolution of the incremental work in the
neighbourhood of an equilibrium configuration.

In this paper the attention of the authors has been focused on the approaches based on the
prediction of damage, which have been applied to a wide range of cold forging processes
and have shown a well suitable predictive capability. In the next paragraph these approach
will be discussed in detail and a proper classification will be carried out. Finally some
applications to typical bulk cold metal forming processes will be described.

2. MODELLING OF DAMAGE

The aim to evaluate quantitatively the level of damage induced by a plastic forming
process has been pursued by several researchers all over the world in the last two decades.
Among the approaches published in the literature three main groups can be individuated,
namely the one based on ductile fracture criteria, the one founded on the analysis of the
damage mechanics, by means of specific yield functions for damaging materials and proper
models able to analyse the evolution of damage in the stages of nucleation, growth and
coalescence of microvoids, and finally the one based on the use of the porous materials
formulation: in the latter case the yield conditions initially proposed for the analysis of
forming processes on porous materials are in fact employed.

The three fundamental approaches are described in the next, highlighting the advantages
offered by each of them and discussing their differences, which mainly rely on the
capability to take into account the influence of damage occurrence on the plastic behaviour
of the material and on the possibility to consider the nucleation of new microvoids.

2.1 Models based on the use of ductile fracture criteria.

These approaches have been the former to be proposed and still today they represent a
powerful industrial tool to appreciate the "state" of the material, in terms of damage, by
comparison with the critical value of the criterion at fracture.

The ductile fracture criteria proposed in the literature depend on the stress and strain
conditions occurring in the workpiece during the forming process and have been
formulated taking into account the role, described above, of the plastic straining and of the
hydrostatic stress on the fracture mechanism. Moreover the ductile fracture criteria are
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generally characterised by an incremental form and require an integration procedure over
the deformation path [7].

The first ductile fracture criterion was proposed by Freudenthal [8], who postulated that the
plastic energy per unit volume is the critical parameter to be taken into account to predict
ductile fracture:
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Ductile fracture occurs when the plastic deformation energy reaches the critical value C.
The validity of this criterion has been recently confirmed by Clift et al. [9], who performed
several experiments to compare the results of several ductile fracture criteria and claimed
that Freudenthal criterion predicted locations of cracks better than the others. However,
Freudenthal criterion does not take into account the effect of hydrostatic stress, which is
known to affect the ductile fracture significantly.

The mean stress is in fact detected as the main responsible of the fracture occurrence in the
criterion proposed by Oyane [10], which is written in the following form:

gf(u Ao)de = C. )

0

The criterion has shown good capabilities to predict central bursting occurrence in drawing
processes [11]. Cockroft and Latham [12] proposed that the maximum principal tensile
stress, over the plastic strain path, is the main responsible of the fracture initiation. They
postulated that fracture occurs when the integral of the largest principal tensile stress over
the plastic strain path to fracture equals a critical value specific for the material:

€
fo,de = C. 3)
0

An empirical modification of the Cockroft and Latham model has been proposed by
Brozzo et al. [13] in order to explicitly include the dependence of ductile fracture on the
hydrostatic stress. Brozzo model is shown in the following equation:

€
j 2 o1 oo =C @)
0 0

m

In all the above equations:
£and £, arethe effective strain and the effective strain at fracture respectively;

o and O, are the effective stress and the mean stress respectively;
oi, 03, 03 are the principal stress components;
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Aand C  are material constants.

Several other ductile fracture criteria can be found in the literature: among them, the Ayada
[14], McClintock [15], Rice & Tracey [16] and Osakada [17] ones should be noted.

The use of the ductile fracture criteria is very simple: the forming process is numerically
simulated using a formulation based on the yield condition and the associated flow rule of
the sound material, as it were undamaged; at each step of the deformation path the
calculated stress and strain fields are introduced in the ductile fracture criterion, which
allows to appreciate the level of "damage" of the material by means of the comparison with
the critical value of the criterion at rupture. Consequently by integrating the ductile fracture
criterion along the whole deformation path, it is possible to detect if and where fracture
occurs. As regards the determination of the critical value at rupture, it is generally obtained
by applying the criterion to the upsetting process of cylindrical specimens with sticking
conditions at the punch-workpiece interface: the value reached by the criterion for a punch
stroke corresponding to the comparison of the first naked eye discernible crack is assumed
as the critical value.

The above considerations highlight that these criteria do not take into account the
progressive degradating state of the material: the numerical simulation is carried out
without that the plastic properties of the material are updated taking into account the
influence of the accumulated damage. Consequently these criteria permit only a rough
prediction of ductile fracture, very appreciated in the practical applications. For this reason
other researchers have proposed to take into account damage occurrence and its evolution
in the constitutive equations used for the analysis of metal forming processes.

2.2 Models based on the analysis of the damage mechanics.

The insurgence of damage determines a progressive deterioration both of the elastic and of

the plastic properties of the material: in particular as regards the plastic properties the main

effects of the nucleation and growth of microvoids are the insurgence of plastic dilatancy

(irreversible volumic change), the consequent dependence of plastic yielding on the

hydrostatic stress, and the occurrence of strain softening, i.e. a large reduction of the stress-

carrying capability of the material, associated to an advanced evolution of damage. Finally

the coalescence of micro voids yields to ductile fractures, either internal or external.

Consequently a suitable damage mechanics model must be able to take into account the

insurgence of damage, its evolution, and the influence of the damage level on the evolutive

degradation of the material. In order to pursue this aim,

+ anew field variable able to describe the damage state must be selected;

+ anew yield function for the damaging material must be defined,;

* a proper model to analyse the evolution of damage in its various stages (nucleation,
growth and coalescence) must be developed.

As regards the former the scalar variable f, void volume fraction, defined as the ratio

between the volume of the cavities in an aggregate and the volume of the aggregate, is

generally employed.

On the other hand, as far as the yield condition is concerned, the first set of constitutive

equations including ductile damage was suggested by Gurson [18], who proposed a yield

criterion depending on the first invariant of the stress tensor, on the second invariant of the
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deviatoric stress tensor and on the void volume fraction f. The Gurson yield criterion
belongs to the so called "microscale-macroscale” approach [2], i.e. the macroscopic yield
function has been derived starting from microscale considerations; Gurson, in fact, started
from a rigid-perfectly plastic upper bound solution for spherically symmetric deformations
around a single spherical void, and proposed his yield function for a solid with a randomly
distributed volume fraction of voids fin the form:

o2 o
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is the macroscopic effective stress, with o;; macroscopic stress deviator, and oy is the yield
stress of the matrix (void-free) material. In eq.5 the effect of the mean stress on the plastic
flow when the void volume fraction is non-zero can be easily distinguished, while for f=0
the Gurson criterion reduces to the von Mises one.

The components of the macroscopic plastic strain rate vector can be calculated applying
the normality rule to the yield criterion above written.

Subsequently the Gurson yield criterion has been modified by Tvergaard [19] and by
Tvergaard and Needleman [20], which introduced other parameters obtaining the following
expression:
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In the above expression the parameter q; allows to consider the interactions between
neighbouring voids: Tvergaard in fact obtained the above criterion analysing the
macroscopic behaviour of a doubly periodic array of voids using a model which takes into
account the nonuniform stress field around each void. The value of q; was assumed equal
to 1.5 by the same Tvergaard. On the other hand the parameter f*(f) was introduced in
substitution of f in order to describe in a more accurate way the rapid decrease of stress-
carrying capability of the material associated to the coalescence of voids: in fact £°(f) is
defined as:

f for f=<f,
£()= fc+f“_f°-(f—fc) for f>f, ®)
fF_fc

where f*, =1/q;, f is a critical value of the void volume fraction at which the material
stress-carrying capability starts to decay very quickly (easily discernible in a tensile test
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curve) and finally fg is the void volume fraction value corresponding to the complete loss
of stress-carrying capability. Again the constitutive equations associated to the Tvergaard
and Needleman yield criterion can be determined by means of the normality rule.

Finally a model based on the analysis of the damage mechanics must be able to take into
account the evolution of damage in its various stages (nucleation, growth, coalescence). At
the end of each step of the deformation process the values of the void volume fraction
calculated inside the workpiece under deformation should be updated: since the variation
of the void volume fraction depends both on the growth or the closure of the existing voids
and on the possible nucleation of new voids, the void volume fraction rate has to be written
in the form:

f = fgrowth + f'.nucleation (9)

It is very simple to calculate the first term of eq.(9): the principle of the conservation of
mass applied to the matrix material, in fact, permits to relate the rate of change of the void
volume fraction to the volumetric strain rate €,, i.e.:

fgrowth = (1 - f)SV (10)

On the other hand, several researchers have focused their attention on the nucleation of
new voids. As regards this topic two main formulations have been proposed: the former is
based on the assumption that nucleation is mainly controlled by plastic strain rate:

fnucle:zm'on = AS (1 1)
on the other hand in the latter formulation it is hypothised that the nucleation of new voids
is governed by the maximum normal stress transmitted across the particle-matrix interface,
ie.:

t:nuc:lealion = B(a + dkk ) (12)

since, as suggested by Needleman and Rice [21] the sum of the effective and of the
hydrostatic stress can be assumed as a good approximation of the maximum normal stress
transmitted across the particle-matrix interface.

As concerns the parameter A and B, Chu and Needleman [22] have proposed that void
nucleation follows a normal distribution about a mean equivalent plastic strain or a mean
maximum normal stress: as an example, assuming the strain controlled nucleation model,
€q.(11) can be rewritten in the form:

2
- f 1( €eq = Emea .
fnucleauion = S\/;,_ﬂ; exp ——2_[ ! “J Eeq (13)
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where s is the standard deviation which characterises the normal distribution, €,.,, the
mean strain for nucleation and finally f, is the volume fraction of voids which could
nucleate if sufficiently high strains are reached. Voids are nucleated in the zones where
tensile hydrostatic stresses occur.

The introduction of the yield condition for the damaging material and of the damage
evolutive model in a finite element formulation permits to follow the evolution of the void
volume fraction variable and consequently to evaluate the level of "soundness" of the
forged components, by comparing the current value of the void volume fraction which the
critical value f;, which corresponds to the coalescence of the microvoids and to the steep
decay of the stress-carrying capability of the material.

However the above considerations highlight that the use of a model based on the analysis
of the damage mechanics requires a complete rewriting of the numerical code to be used to
simulate the forming process. Moreover the formulation depends on several parameters,
both as regards the yield condition and the damage evolution model, which must be
properly selected in order to obtain a suitable prediction of fracture occurrence [23,24].
Actually this fact could represent a very important advantage offered by this type of
approach, since it is possible to "calibrate" the model with respect to the actual state and
properties of the material taken into account, but, on the other hand, it makes necessary the
use of complex analytical tools in the stage of the parameters selection. This aim has been
pursued by Fratini et al. [25], applying an inverse identification algorithm, based on an
optimization technique which allows to determine the material parameters by comparing
some numerical and experimental results and searching for the best matching between
them. In particular the load vs. displacement curve during a tensile test on a sheet specimen
has been employed to optimize the comparison between the numerical results and the
experimental ones, and consequently to achieve the desired material characterisation.

The above considerations justify the observation that, even if the models based on the
analysis of the damage mechanics are certainly the most correct from the theoretical point
of view, their practical use in an industrial environment is limited to very few applications,
while they encounter a larger interest in the academic and research fields.

2.3 Models based on the porous material formulation.
In some recent papers a further approach for the prediction of ductile fractures has been

proposed, based on the formulation generally employed to simulate the forming processes
on powder materials. Actually in these processes the powder material is compacted and
consequently its relative density increases: on the contrary the application of the porous
materials formulation to the analysis of ductile fractures insurgence is aimed to predict the
reduction of the relative density (corresponding to the increment of the void volume
fraction) associated to the occurrence of the defect.

The porous materials formulation is based on the yield condition initially proposed by
Shima and Oyane [26], which depends on the first invariant of the stress tensor, on the
second invariant of the deviatoric stress tensor and on a scalar parameter, which is, instead
of the void volume fraction f as in the previous models, the relative density R.

The Shima and Oyane yield function can be written in the form:
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A{%[(Ox - 0‘y)2 + (OY - 02)2 + (Oz - Ox)2]+ (Tyz(y +T§Z +t§x)} +
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where A=2+R2 and §=2R2-1.

The introduction of this yield condition in a finite element formulation do not present
particular problems [27]; moreover the possibility to simulate forming processes on porous
material is supplied by most of the more diffused commercial codes.

Despite to these advantages with respect to the models based on the analysis of the damage
mechanics, it must be outlined that the formulations used for the analysis of the
compaction of porous materials take into account only the possibility of the growth or the
closure of the existing porosity, while the nucleation mechanism is not considered.

At the end of each step of the deformation process, in fact, the value of the relative density,
calculated at the integration points within each element is only updated taking into account
that the relative density variation rate R and the volumetric strain rate ey are linked by:

= 1s)

By integrating equation (15) the updated relative density is calculated as:
R =R, exp(-[éydt) « R (1- Aey) (16)

where R is the relative density at the previous step and Aey, the volumetric strain
increment during the analysed step.

Following of the above considerations it derives that the porous materials formulation can
be applied to the prediction of fractures only assuming the existence of an initial relative
density lower than 100%. In other words it is necessary to hypothise that all the voids that
could nucleate, nucleate once a material element enters the plastic zone: subsequently,
depending on the stress conditions, they can grow or close. This assumption can be
interpreted as a particular plastic strain controlled nucleation case, in which the plastic
strain for nucleation is coincident with the tensile yield strain [28]. Furthermore such an
assumption requires an appropriate choice of the initial relative density, depending on the
purity of the considered material.

Nevertheless the application of this approach to the prediction of central bursting
insurgence in the drawing process of Aluminum Alloy and Copper rods has allowed to
obtain a very good overlapping of the numerical and the experimental results, as it will be
shown in the next paragraph [23,29,30].
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3. APPLICATIONS

A very large number of applications of numerical methods belonging to the three
fundamental groups described in the previous paragraph can be found in the literature.
Here a particular problem will be taken into account, namely the insurgence of the well
known central bursting defect during extrusion and drawing.

Central bursts are internal defects which cause very serious problems to the quality control
of the products, since it is impossible to detect them by means of a simple surface
inspection of the workpiece. In the past some experimental and theoretical studies
[31,32,33,34] have been performed in order to understand the origin of the defect and
consequently to determine the influence of the main operating parameters (reduction in
area, die cone angle, friction at the die-workpiece interface and material properties) on the
occurrence of central bursts. The development of powerful numerical codes and suitable
damage models has represented a new fundamental tool in order to pursue this attempt.
Some researchers [11,14,35] have used ductile fracture criteria, others have applied models
based on the analysis of the damage mechanics [23,28], finally some researchers belonging
to the group of the University of Palermo have used the model based on the porous
materials formulation and in particular on the Shima and Oyane yield condition [29,30].
Some interesting results obtained by the latter group are presented below.

First of all the research has been focused on the drawing process of aluminum alloy (UNI-
3571) specimens. The influence of the operating parameters (reduction in area and
semicone die angle) on the insurgence of central bursting has been investigated both using
a damage mechanics model founded on the Tvergaard and Needleman yield condition and
the porous materials formulation, based on the Shima and Oyane plasticity condition. In
order to compare the numerical predictions obtained with the two approaches, no
nucleation of new microvoids has been considered in the former model and, taking into
account the high percentage of inclusions and porosities of the material, the value of the
initial void volume fraction has been fixed equal to 0.04 (i.e. the relative density has been
fixed equal to 0.96).

A tension test has been performed, both to obtain the constitutive equation of the material
to be used in the numerical simulation, and to determine the elongation ratio and the
necking coefficient at fracture; these values in fact, are necessary in order to evaluate, by
the comparison with the numerical simulation of the tensile test, the critical value of the
void volume fraction (or of the relative density). In particular the numerical analysis has
been stopped after a total displacement of the nodes of the specimen assumed clamped to
the testing machine equal to the elongation ratio, and the maximum void volume fraction
reached at this stage (or the minimum relative density) has been assumed as the critical
value f¢, corresponding to the rapid decay of the stress-carrying capability of the material.
Subsequently the numerical analysis has been applied to several drawing processes,
characterised by different reductions in area and die cone angles: for each of them the
maximum achieved value of the void volume fraction has been calculated, and, by the
comparison with the critical value, it has been evaluated if the coalescence of voids, i.e. the
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insurgence of the ductile fracture, should occur or not. The numerical results have shown a
good agreement with the experimental ones.

Subsequently, in order to test the suitability of the employed models in an actual industrial
problem, the research has been focused on the prediction of bursting occurrence in the
drawing process of commercially pure copper specimens. This material, in fact, is typically
used in industrial drawing operations, since it is characterised by a very low value of initial
porosity and presents a small amount of inclusions; consequently, depending on the
operating parameters (i.e. the reduction in area and the semicone die angle), the insurgence
of defects could occur only after several drawing steps.

The prediction of defect insurgence has been carried out employing the model based on the
porous materials formulation and assuming an initial value of the relative density equal to
R=0.9998. Again this parameter has been selected by simulating the tensile test and
choosing the value of R which allows a good overlapping between the numerical and the
experimental results in terms of elongation ratio and of necking coefficient.

Several drawing sequences characterised by different values of operating parameters have
been taken into account, according to the next Table 1:

a=8° a=12° a=15° a=20° a=22°
RA=10% X X X
RA=20% X X X X X

Table 1

For each sequence six subsequent reductions are carried out, maintaining constant the same
reduction in area and semicone die angle.

The numerical simulations have supplied the relative density distributions inside the
specimen during the deformation path. In particular, depending on the operating
parameters, tensile mean stresses occur in the zone of the specimen close to the symmetry
axis determining a reduction of the relative density.

The relative density trends for several different reduction in area - semicone die angle
couples are reported in fig.1: for some operating conditions a slight variation of the relative
density with respect to the initial value occurs, while for other conditions after few
reductions a steep decay of the relative density arises. Moreover in the latter cases, in
correspondence to the large reduction of the relative density, the numerical simulation
stops due to the presence of a non positive definite stiffness matrix. This condition is the
indication of the plastic collapse of the material i.e. of the insurgence of the defect.
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Fig. 1 - Relative density trends

The same combinations of the operating parameters, as reported in the previous Table 1,
have been experimentally tested, repeating each sequence 10 times.

Table 2 reports the results of the experimental tests; in the table for each combination of
the operating parameters, the number of defective specimens is reported.

Drawing steps 18t 2nd 3rd 4th sth 6th
RA=10% o = 8° - - - - - 0
RA=10% a=15° - - - - - 0
RA=10% a= 20° - - - - - 0
RA=20% o =8° i i ] ] i 0
RA=20% a=12° - - - 0 6

RA=20% a= 15° . : 0 4

RA=20% a= 20° - - - 0 5

Table 2. Number of defective specimens.

The results of Table 2 are in good agreement with the numerical predictions. After the
drawing step for which a steep decay of the relative density had been predicted, an high
number of defective specimens is always detected, while no defects are individuated for the
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"safe" sequences that were characterised by a smooth variation of the calculated relative
density.

Very recently an approach based on the analysis of the damage mechanics has been applied
by some researchers belonging to the group of the University of Palermo to the prediction
of tearing in a typical sheet metal forming process, namely the deep drawing of square
boxes [36]. The yield condition for damaging materials proposed by Tvergaard and
Needleman and a strain controlled nucleation model have been introduced into a finite
element explicit code in order to follow the evolution of the void volume fraction variable
during the deep drawing operation.

First of all the model has been characterised with reference to the steel used in the
experimental tests by means of the inverse identification approach described in reference
[25]. Subsequently it hase been used to predict the insurgence of tearing in the deep
drawing process, at varying the blank diameter and the lubricating conditions. In particular
the void volume fraction trend has been analysed and it has been assumed that tearing
occurs when the calculated void volume fraction reaches the critical value f; associated to
the voids coalescence.
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Fig.2 - The master curves

Fig. 2 shows the obtained results by means of master curves; in this diagram the drawing
ratio, defined as the blank diameter D, vs. the punch side Dy, ratio is reported in the x-axis,
while the box height h at which tearing is predicted, is reported in the y-axis. The master
curves are referred to the two lubricating conditions investigated, namely using grease (G)
or a thin film of teflon (T) at the die-sheet and blankholder-sheet interfaces.

In the same figure the experimental results are reported too: for a Dy/Dy ratio lower than
1.7 no tearing has been observed, in agreement with the numerical prediction, neither using
grease nor, obviously, teflon. For higher values of the blank diameter the box heights for
which tearing has been experimentally observed are in good agreement with the predicted
values again thus confirming the validity of the used formulation.
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ABSTRACT: Numerical methods for description of processes involving large plastic deformation
were exploited to model wire drawing, covering both single pass and sequences of consecutive
passes. Results obtained from exploitation of models in terms of single and combined effects of
process parameters on main responses, and of superimposed stress and strain patterns on material
properties inclusive of defect evolution, are discussed in the light of theoretical prediction and
experimental evidence.

1. INTRODUCTION

Progress in metal forming operations depends among other factors upon improved
evaluation of single and combined effects of process parameters on product, entailing
reliable estimation of material properties, both initial and as modified during production.
The interplay between theory and experiment leads to enhanced modeling capability, and in
turn to identification of areas with sizable potential for improvement in terms of process and
product quality. Steel wire drawing is no exception, particularly in view of the ever
increasing demands on production rate, product integrity, and process reliability. Some
results obtained over a decade of applied research work performed on this subject at
Politecnico di Torino are presented in this paper.

As a first step in process modeling, theoretical description of the basic wire drawing
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operation was relied upon to provide an assembly of single die functional models for
simulation of an extended range of multipass production machines. Reduced drawing stress
was evaluated (in terms of yield stress) according to either the classic slab method, or the
upper-bound method, leading to fairly close results. Strain hardening, and related issues
concerning central bursting, were also modeled according to established theory [Avitzur
1963, Chen et al. 1979, Godfrey 1942, MacLellan 1948, Majors 1955, Yang 1961].
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Fig. 1. Computed percentage reduction r %, drawing force F, and back tension F, plotted
(for a constant die angle 2q) versus step no. NS for a 19 pass drawing machine.
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Fig. 2. Typical die configuration, a), and relevant hoop strain pattern, b), as evaluated with
FEM. Strain levels shown range between -6 L (A)and 24 pe (Q).
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Software developed accordingly, catering for easy, user friendly comparative evaluation of
drawing sequences on a what-if basis, see e.g. Fig. 1 [Zompi et al. 1990], proved practical
enough to warrant regular exploitation in industrial environment for process planning and
troubleshooting work.

Elastic stress distribution in the die was also modeled, typical results being shown in Fig. 2,
and checked at selected locations against strain gage results, the latter involving some tricky
undertaking as mechanical and thermal strains have by and large the same order of
magnitude, not to mention low strain level and boundary condition problems. Quantitative
information concerning scatter in drawn wire size, and drawing force, were also obtained,
showing that while average drawing force increases slightly with drawing speed, scatter was
found to be by and large constant over a 10:1 speed range [Zompi et al. 1991].
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Fig. 3. Computed mean stress, a), and equivalent plastic strain pattern, b), corresponding to
die angle a=12°, reduction r=16%, friction coefficient u=0.05 and strain hardening
coefficient f=0.32.
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As detailed analysis of effects of the drawing process on wire was sought, single pass
operation was further modeled with FEM and run over a comprehensive array of
combinations of operating parameters and material properties, namely die cone angle,
percentage reduction, friction and strain hardening coefficients. Stress and strain patterns
covering large plastic deformation were obtained, see Fig. 3, with features which enabled
validation against established theoretical models; response variables included drawing force,
peak normal stress and normal stress gradient.

Concise polynomial models were developed explaining with a handful of terms a range from
over 95 to 99% of variation according to the response variable considered, a common
feature being the predominant influence of quadratic and interaction terms, whose effects
were frequently found to exceed those pertaining to first order ones. Detailed description of
modifications in mechanical properties produced by drawing was thus obtained, and
peculiarities such as those leading to drawn wire diameter smaller than that pertaining to die
throat were demonstrated, supported by experimental evidence, the influence of contact
length being also a factor to be reckoned with [Zompi et al. 1994].

Realistic simulation of manufacturing process, covering quality related aspects, entails
however evaluation of cumulative effects of consecutive drawing passes on wire properties,
inclusive of such defect evolution as may trigger either in process breakage or delayed
failure. Since minor flaws may eventually cause sizable effects, refined material testing
procedures are needed, particularly because some crucial information is available only in the
neighborhood of plastic instability in tensile tests [Brown and Embury 1973, Goods and
Brown 1979].

2. MULTIPASS WIRE DRAWING MODEL

A numerical model consisting of a rigid die interacting with a deformable wire was built in
order to describe the stress and strain patterns over a number of drawing steps, also in view
of predicting impending wire fracture by monitoring void propagation. Symmetry permits
two dimensional representation; nominal parameters were selected to match those of die
sets exploited in laboratory drawing tests. Initial model wire shape is a cylinder 5.5 mm dia.
with a tapered portion engaging the first die, a stub section 4.86 mm dia. being provided for
drawing force application. The smallest length consistent with reaching stationary drawing
conditions was selected to keep computing time under control.

Mesh is made up by some 400 quadrangular axisymmetric linear isoparametric elements
with full integration; boundary conditions include axial symmetry and constant displacement
increments over the leading (right hand) edge of the model. An elasto-plastic flow curve
material model with strain hardening is assumed, with void induced damage described
according to established models [Gurson 1977, Tvergaard 1984]. Coulomb friction is
assumed, with a coefficient u=0.08 arrived at by matching test results with theoretical
estimates [Avitzur 1964, Yang 1961]. Some approximation is entailed, as friction is known
to vary somehow over the set of drawing steps, it being typically larger in the first one
owing mainly to coil surface conditions as affected by decarburization due to previous
manufacturing operations.

The combined effects of reduced model length, rigid end displacement and finite number of
elements induce some fluctuation in computed drawing force. Model size and discretization
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are a compromise between accuracy and computational time, the latter being fairly sizable
(about 2 hours per pass on a IBM RISC/6000 platform) as the implicit Euler scheme
resorted to for damage model integration requires rather small integration steps, say of the
order of a few hundredths of the smallest element, if discretization errors are to be kept
within reasonable bounds.

Model is remeshed whenever element distortion exceeds a given limit, and a tapered section
matched to next die angle is introduced after every pass. Length increases due to drawing
must be offset in order to avoid unnecessarily large run times after the first drawing steps.
Ad hoc routines were developed to automate remeshing, a prerequisite for industrial
application.

3. DRAWING AND TENSILE TESTS

Laboratory tests were performed on C70 steel wire specimens ranging from 5.5 to 2.75 mm
diameter, the latter being obtained from the former in six steps of cold drawing. Main data
concerning the dies used (throat dia., angle, reduction ratio and average true strain) are
given in Table 1.

Table 1. Main die parameters and related values

Die Bout al°] | 1% |e=In(A o/A)
No. [mm]

1 4,90 10.2 | 20.6 0.23

2 4.30 10.7 | 23.0 0.49

3 3.90 10.7 | 17.7 0.69

4 3.35 10.8 | 26.2 0.99

5 3.05 13.6 | 17.1 1.18

6 2.75 17.6 | 18.7 1.39
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Fig. 4. Strain hardening exponent, yield and ultimate stress obtained from tensile tests at
each drawing step.
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Material properties were evaluated from tensile tests (after straightening specimens if
required), at least three tests being performed at every drawing step. Tensile and drawing
tests were carried out on a hydraulic material testing machine, with continuous monitoring
of force, strain and crosshead displacement. Flow, yield (at 0.2% strain) and ultimate
stresses were measured, and strain hardening exponent n was evaluated, according to
ASTME 111 & 646-91, see Fig. 4.

The flow curve of the material was obtained by averaging several experimental tensile test
curves; sizable prestraining of wire occurred before testing. As a consequence some scatter
in Young's modulus was found, as underlined elsewhere [Hajare 1995]. An inherent
limitation of the tensile test lies in the small value of uniform plastic strain obtained before
the start of necking and then failure. After the onset of necking precious little data may be
obtained with conventional techniques but for the local necking strain, leading to rather
poor accuracy in the evaluation of flow curve. As simulation shows that the equivalent
strain reached in proximity of die-wire interface exceeds by far what can be reached in
tensile tests, extrapolation becomes necessary, entailing sizable uncertainties.

4. DUCTILE FAILURE MECHANISM

Since in metal forming processes such as extrusion and drawing ductility is progressively
reduced by strain hardening, knowledge of material susceptibility to ductile failure was
recognized of paramount importance for rupture prevention and accordingly investigated

[Alberti et al. 1994]. Defect insurgence in highly deformed ductile materials occurs as a
consequence of an evolutive process involving bulk material, although crack initiation is
usually observed at selected locations only; as a matter of fact the amount of inclusion may
be kept under control, as opposite to second phase particles [Benedens et al. 1994]. The
underlying mechanisms were established in the course of a number of investigations,
developed since the fifties [Puttick 1959, Rogers 1960].

Polycrystalline metals undergoing plastic deformation develop microvoids on sites of such
potential nucleation elements as inclusions, second phase particles, precipitates, or grain
boundaries. As these elements do not readily follow the plastic deformation of matrix
material owing to different mechanical properties, decohesion of particles from the matrix
and/or their fracture occur. The matrix in turn flows away initiating voids owing to
reduction of local restraint. Further deformation results into the voids growing until
coalescence triggers crack initiation.

Different void populations were observed to occur depending upon nature and size of void
nucleating particles. Large and oblong inclusions fracture at fairly small strain, nucleation
being controlled mostly by mean normal stress, while second phase particles, being smaller,
produce voids by decohesion at much larger strain with a dominant strain controlled
nucleation. Typical cup and cone fracture of round tensile specimens usually results from
ductile failure in the central area followed by shear bands development at w/4 inclination in
the outer rim. Wire failure during drawing process also exhibits cup and cone features.
Substantial research effort made in order to embody the inherently microscopic ductile
damage mechanism into elasto-plastic constitutive equations led to such well known results
as Gurson's model (1977), and Tvergaard's modification (1982). As far as macroscopic
behavior is concerned, an equivalent "damaged" material can be defined to which the
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following yield criterion applies:

0,_,24=03q(62,0m,f)

where 0,,, G and o, are respectively von Mises equivalent stress for damaged material,

yield stress of sound material, and mean normal stress, f being a scalar state function
representing the relative void volume fraction at any point of the specimen, thus indicating
in a simple way the path towards ductile failure. Yield condition now depends on
hydrostatic pressure and void volume; an increase of either mean normal stress and/or void
volume fraction reduces equivalent stress and consequently stress-carrying capability. The
state equation defining porosity rate has the form:

df= fnucleation + dfgrowth , where

dfnucleation = df (dgeq: dom), dfg;rowth =df (f, d&,)

where €, is the equivalent plastic strain and €, the volumetric strain. Change in porosity
prior to failure is due to the combined effect of void nucleation and growth. Nucleation rate
can be strain and/or stress controlled depending on the distribution of void nucleating

Table 2. Damage model parameters (Gurson-Tvergaard) used in multipass simulation.

Initial void volume fraction 0%
Mean equivalent strain for nucleation 30%
St. dev. of equivalent strain for nucl. 5%
Void volume fraction for coalescence 15%
Void volume fraction for fracture 20%
12
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Fig. 5. Experimental and computed stress-strain data pertaining to tensile tests.
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dilatancy while a negative one tends to close cavities. Eventually, coalescence occurs when
porosity exceeds an established threshold, while upon reaching a higher ultimate level
catastrophic failure is initiated.

Damage model was identified by fitting FEM simulation of wire tensile test results to
experimental data with an iterative process; initial values were taken from literature
[Tvergaard and Needleman 1984]. Model parameters were selected as corresponding to
best fit to experimental stress-strain plots in the plastic range (see Fig. 5) and more closely
matching reduction of area at fracture due to necking. MARC and ABAQUS codes were
used, both catering for the damage model considered. Realistic values were obtained (see
Table 2), well within the range of values reported in literature [Chu and Needleman 1980,
Tvergaard 1982]. Strain controlled nucleation is adopted since the major ductile mechanism
in a axisymmetric geometry is assumed to rely on voids formation by small particles-matrix
decohesion and failure by coalescence [Brown and Embury, 1973].

5. SOME RESULTS AND IMPLICATIONS

Some results concerning simulation of six consecutive drawing steps are examined, covering
material modeled both with and without damage. Fig. 6 shows for the fourth drawing step
contour plots of mean normal stress, equivalent plastic strain and void volume density over
the wire section.

half die
0 400 -1200 -800 crm= 400 MPa

Sy
400 -800 -400

—40I -800 -4000
b)

half die

5
i o5
c) s
half die J Y
o~ \

= — |
——
4

Fig. 6. Computed contour plots showing mean normal stress a), equivalent plastic strain b),
and void volume density c), at the fourth drawing step.
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Fig. 8. Mean normal stress in wire at three characteristic locations versus true strain.

End effects due to finite length are apparent; steady state is however approached in the
central part of the model towards the end of the drawing step, see plots b) and c). A plot
showing over six steps computed and measured drawing forces (Fig. 7) indicates a
substantial agreement of the latter with damage model results (average deviation of the
order of 7%, with a maximum of 15%).

Scatter in test results and numerical fluctuation due to discretization would not justify
seeking for a substantially better agreement. On the other hand, plain model exhibits not
only larger differences (20% on the average) but also a marked discrepancy in trend, see
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step no. 6. Alternances between tension and compression along wire axis due to die's
complex action are apparent in mean normal stress, accounting for incremental damage and
its propagation over consecutive steps.

Process induced damage evolution presents some peculiar aspects susceptible of explanation
in terms of interplay between hydrostatic stress and equivalent strain time and space
histories. In a nutshell, while void nucleation is controlled (on a probabilistic basis) by a
strain threshold, void growth is conditioned by the sign of hydrostatic stress. Therefore void
nucleation near wire surface, while experiencing a rather sharp increase with the first step, is
progressively curtailed by large compressive stresses due to die action which more than
offset the tensile ones due to drawing force (Fig. 8), thus bringing about void closure. See
for instance numerical results obtained on defect formation in rod drawing [Zavaliangos et
al. 1991].

On the other hand the delay in void nucleation on wire axis is more than offset by the
accumulated action due to subsequent steps, as the effect of hydrostatic tension occurring
right under the die is only in part countered by steady state compressive stresses apparent
after exit, see Fig. 8. Remark also that midway between surface and axis trends observed for
void evolution duplicate closely those pertaining to surface, as opposed to what takes place
along the axis after the fourth step (Fig. 9).

These findings point towards preferential void growth around wire axis, thus providing a
mechanism in agreement with established experimental evidence [Goods and Brown 1979],
and supported by microhardness tests performed across wire sections, see Fig. 10, where
evidence of peculiar radial hardness gradients, and of strain hardening matching to some
extent only flow stress increase induced by consecutive drawing passes is shown, It may be
worth remarking that void volume fraction on wire axis after six steps only approaches the
threshold for coalescence, a stage likely to be reached within a few additional steps.
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Fig. 9. Evolution of damage in multipass drawing on wire axis, outer surface and midway.
Remark crossover at second step and change of trend after fourth.
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Fig. 10. HV microhardness values obtained at points equispaced along radius r over wire
cross-sections (1=centre, 5=outer), corresponding to six drawing steps.

Risk of process disruption due to wire breakage may be readily estimated to a first
approximation according to the well known Warner probabilistic model [Haugen 1968],
taking ultimate stress as strength and flow stress as load. Main parameters of the relevant
distributions are defined by material properties, inclusive of damage related terms, and strain
hardening characteristics. Assuming for the sake of expediency both stresses to be
independent, normally distributed random variables (a rash statement, to put it mildly), the
maximum admissible ratio k of flow stress to ultimate stress consistent with a given risk of
tensile failure in process may be readily evaluated, and the feasibility of any given drawing
sequence rated accordingly.

Taking e.g. for both stresses a coefficient of variation of 5% over a representative wire
length, for risks at 1, 0.1, 0.01% level ratio £k would amount in turn to 0.85, 0.80, 0.77.
However at 30 m/s drawing speed a 1% risk of failure per km of wire corresponds to a
MTRBEF of the order of an hour, hardly appealing at factory floor level since it would entail a
downtime almost as large as production time.

The argument is quite simple; the fly in the ointment is the requirement of reliable
information about the main variance components pertaining to flow and ultimate stresses,
and about departures from the normal form of the relevant tails of distributions involved.
Extreme value distribution (which was found to fit rather well experimental data on yield
stress) may be adopted to provide better approximation; a fairly substantial body of
experimental evidence is however required if confidence intervals are not to become
meaningless because of excessive width.
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6. DISCUSSION

Multipass wire drawing was found to be amenable to comprehensive numerical
modellization, capable of describing the evolution throughout the process of material
properties inclusive of damage related aspects. Exploitation of appropriate FEM software,
and computational techniques, enable detailed, full field evaluation of progressively
superimposed stress/strain patterns and some of their effects on product. Results obtained
provide a mechanism explaining how localization on wire axis of defects takes place, and
which factors are to be reckoned with in order to keep failures under control within a given
drawing program.

Unrestricted predictive capability is however not yet achieved, owing to material properties
related problems. Identification of parameters defining initial void distribution, and
evolution of damage may be performed with substantial uncertainty only on the basis of
traditional tests; and, the smaller wire gauge, the higher are testing skills required to achieve
adequate quality of results. Microhardness tests may add valuable information.

Conventional specifications are simply inadequate for identification of constitutive equation
parameters; and, rather demanding tests are required to detect and evaluate substantial
variation in dynamic plastic deformation properties. As tests at high strain rate up to large
plastic deformation are typically performed in compression, extension of results to wire
drawing, entailing substantial tensile loading, is by no means an easy undertaking, especially
under consideration of the peculiarly non symmetric behavior of metals due to void
presence. Time dependent defect evolution, liable to cause delayed rupture either at rest or
under tension much lower than nominal load carrying capability, is another major issue to be
addressed.

Effects observed were rather consistent; some however apply strictly to the sample
examined, and to the relevant production lot. Coils from different heats, let alone from
different steel mills, are routinely found to perform far from uniformly in multipass drawing
machines on production floor, notwithstanding nominal material properties being well
within tolerance limits. Close cooperation between steel mill and wire manufacturer is
required in order to enhance final product quality without adversely affecting costs.
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ABSTRACT: Measuring planning is a preparatory task ensuring the generation of efficient operation
schedules for CMMs. This paper presents three consecutive and computerized methods to
determine probe cluster and workpiece alignment. The first method determines the access area of
a measuring point. The second method groups the access areas, thereby minimizing the number of
required probes. The third method calculates the workpiece alignment and refines the probe
cluster. Furthermore, the developed methods are applied to a car body part.

1. INTRODUCTION

Today, quality assurance is an important duty in industrial production. Measuring
workpieces with conventional tools like gauges is an essential and well established part of
quality assurance. But the time consumed by measuring processes can be reduced up to
75 % using coordinate measuring machines (CMM) {1].

Measurement must be as carefully planned as any other manufacturing process in order to
utilize the full power of CMMs. Hence measuring planning is the preparatory task for
generating an efficient and error-free measuring programme. During measuring planning
the measuring technology, e.g. CMM type or additional devices, is chosen. Further
subtasks of measuring planning are determination of workpiece alignment, probe cluster,
fixtures, operation scheduling, etc.

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology,
CISM Courses and Lectures No. 372, Springer Verlag, Vaien New York, 1996.
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2. MEASURING PLANNING

Measuring planning is based on the workpiece geometry and the inspection plan. The
measuring plan guides the operator through all steps of the measuring process. If the
desired CMM s integrated in a production line, measuring planning should be done
offline.

AUGE did basic research on measuring planning [2]. GARBRECHT and EITZERT analyzed
how the placing of measuring points affects the reproducibility of measuring results [3,4].
KRAUSE et al. developed a system for technological measuring planning in order to achieve
reproducible measuring results [5]. This system takes into account fixed probes and
standard features like planes, cylinders, circles, etc. Additional devices for CMMs (e.g.
rotary tables or indexable probes), freeform surfaces, workpiece alignment and fixturing
were not considered.

 Tnspection™ e
( ) ¢ CAD model >

S plan U INOGo)
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(_QDES data >
determination of measuring elements: features, , measuring
measuring points, coordinate systems, evaluation, etc. technology
| derivation of probe orientations for all measuring elements | probe i
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Fig. 1: Sequence of tasks during measuring planning

Measuring planning is a time consuming process. Depending on the complexity of the
workpiece the process is multiply repeated. BODE showed that most repetitions are caused
by the determination of probe cluster and workpiece alignment [6]. Further investigations
of the measuring planning process showed a hierarchical dependency among the subtasks.
Therefore the following sequence of subtasks is proposed: determination of measuring
points and workpiece geometry, probe cluster, workpiece alignment, fixturing design, and
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operation scheduling. Based on this knowledge we developed a process plan for measuring
planning and methods to compute probe cluster and workpiece alignment taking into
account all kinds of geometry and CMM (Fig. 1).

3. COMPUTATION OF PROBE CLUSTER AND WORKPIECE ALIGNMENT

Determination of probe cluster and workpiece alignment ensures that at least one probe of
the cluster can approach a specific measuring point of the workpiece. Therefore, the
computation of the probe cluster depends on the measuring points and the workpiece
geometry. Besides there is a close relationship between probe cluster design and workpiece
alignment. A redesign of the probe cluster requires a change of the alignment and vice
versa.

Especially the probe cluster has a significant impact on the efficiency of the measurement.
For example, the set-up time required is proportional to the number of probes. If probes are
changed during measure, each change lengthens the running time. Since a high number of
probes decreases the quality of the entire probe cluster, one main objective of measuring
planning is to reduce the number of required probes.

3.1 ACCESS AREAS OF A WORKPIECE """

Each measuring feature has a distinct property
called access area. Inside the access area at least T S b
one probe approaches the measuring element ; <« edge
without colliding with the workpiece. An access | ' !
area describes all possible probe orientations to
touch the assigned measuring point.

The theoretical definition of an access area can
be given by modelling a straight probe with
infinitesimal diameter.

depth

Definition 1: |
An access line R, of a measuring point is a half ¥

line starting from the measuring point and not
intersecting with the workpiece.

bottom face

Every access line represents one possible probe tip of ac%ess area

orientation. Consequently an access area includes
all access lines of a measuring point (Def. 2). The
so-called set-form of an access area allows any
operations defined in set theory.

Fig. 2: Access area assigned to a
measuring point
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Definition 2: An access area is a set consisting of all access lines of a
measuring point.

Just as a probe has an extension the real access area is smaller than the theoretical. Typical
access areas are cone-shaped solids. To represent the diameter of the probing sphere a
bottom face is introduced, cutting off the tip of the access area (Fig. 2). This measure
ensures the allocation of a suitable space around the measuring point. The depth limits the
access area to the size of the entire probe. The borderline of access areas is of high interest.
As several operations are carried out using this curve, the selection of an appropriate type is
crucial. During our investigations convex polygons turned out to be most useful [6].

Access areas can be described conveniently on the surface of a unit sphere. Any probe
orientation can also be represented as a point on the unit sphere. Therefore, a normalized
access area is the intersection of a unit sphere and the given access area (Fig. 3). The
normalized access area is described using the borderline curve. Normalization reduces the
complexity of probe cluster computation.

3.2 DETERMINING A PROBE CLUSTER BY GROUPING ACCESS AREAS

To design a probe cluster one probe
orientation from each access area is picked.
But generating a probe cluster directly from
the access areas is highly inefficient. Usually
one probe can approach multiple features,
thus the number of probes can be reduced.

If two measuring points can be probed
without changing the probe, their access
areas must intersect. This means that the
access areas have one or more probe
orientations in common.

If two or more measuring points share a
probe they are collected in a probing group.
One access area is assigned to any probing
group. It is applicable to all measuring points
of the group. The assigned access area is Fig. 3: Normalized access areas.
calculated by intersection of all involved Intersections are marked black.
access areas. Hence any operation valid for

access areas is also applicable to a probing group.

Definition 3: A probing group G is a set of n measuring points M; which access

n
areas a; satisfy the condition ﬂa,. 2.

i=1
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To design an optimal probe cluster, the number of probing groups must be minimized. A
capable algorithm to perform grouping was presented by CARPENTER/GROSSBERG and
MOORE [3,5]. Probing groups are created by joining the ‘closest’ access areas. If two access
areas intersect, they are close. We expressed the ‘distance’ A between a probing group G
and an access area z as follows:

A3 + A2A1
167

Primarily, the distance is determined by A;. A, is the number of elements of the probing
group G. Since the algorithm repeats grouping, A,=1 must be subtracted if the access area z
is already an element of G. Secondarily, the surface measurement A; of the intersection of
G and z is considered.

AG.2)=A - A, + ¢))

As MOORE showed the distance scale is crucial for the behaviour of the algorithm. We
showed that the scaled described above satisfies the stability conditions proposed by
MOORE [7]. Additionally, BODE proofed that the algorithm requires linear time [6].

3.3 PROBE ORIENTATIONS

In general, any type of probe or CMM has unusable probe orientations. A general approach
to distinguish the unusable from the preferred probe orientations is a quality function. The
quality function assigns to each probe orientation a value representing its usability. Since
the value of a probe orientation is bound to the CMM configuration, the quality function is
expressed in the machines coordinate system.

Especially when using indexable probes,
unusable probe orientations are becoming
important. An indexable probe cannot adjust
to probe orientations inside a cone round the
machine’s z-axis. This cone contains the
sleeve to which the probe body is mounted.

Preferred probe orientations are usually
corresponding (or close) to the axes of the
CMM. These probe orientations are easy to
maintain during the measurement.

BODE developed quality functions for various
types of inspection devices [2].

Quality functions are conveniently developed

using the spherical coordinate system Fig. 4: Plot of quality function (cf. eq. 2)
K{p,0,r=1}. The following example was

designed for a parallel system CMM equipped with indexable probes (Eq. 2, Fig. 4). The
indexable probe imposes unavailable orientations as described above.
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B, (E,,((p,@)) =sin* ¢ -sin’ O +sin* 9 2)

3.4 DETERMINATION OF WORKPIECE ALIGNMENT

The list of probing groups for a specific workpiece constrains the set-up of the probe
cluster to the most efficient ones. To select specific probe orientations from this list, the
workpiece alignment must be taken in consideration. Therefore, probes and workpiece
alignment are selected simultaneously.

Probing groups are bound to the workpiece, they are described within the part coordinate
system (PCS). In oppositon, the probe cluster is described within the machine coordinate
system (MCS). Both coordinate systems are linked by workpiece alignment. Hence,
workpiece alignment is defined as follows:

Definition 4: The workpiece alignment is the relative position of the part
coordinate system in relation to the machine coordinate system.

Commonly the relation among two orthogonal coordinate systems is expressed in three tilt
angles ¢, y, 6. By convention these tilt angles are applied to the MCS.

Respecting these constraints, the idea of finding a workpiece alignment is as follows. At
first, an initial workpiece alignment is randomly chosen. Each step of the algorithm slightly
changes either one probe orientation within its access area or turns the whole probe cluster.
Then, the quality of the new configuration is compared to the old one. Two configurations
are compared by the value of their probe clusters. The quality function is applied to every
probe of the cluster. The value of the entire cluster is computed to the sum of the single
probe values. If an unusable probe orientation is included in the cluster, the value of the
entire configuration sinks below the acceptance level. If the new configuration is better or
,not much worse” it serves as the ,,0ld“ configuration for the next step. Otherwise the
changes are rejected. For convenience the initial workpiece alignment should equate the
PCS to the MCS. Then the accumulated turns of the whole probe cluster are the workpiece
alignment.

The fundamental algorithm for the above procedure was first presented by DUECK [9].
According to DUECK this algorithm yields results close to the absolute optimum [9].

4. APPLICATION OF METHODS

The developed methods have been applied to a car body part. This workpiece has many
freeform surfaces, 22 features were identified for measuring. We compared the time
consumption of different measuring planning procedures

The conventional offline planning process using a CAD system takes about 8.5 hours. The
teach-in programming takes about 2 hours. Although teach-in programming requires less
time, the necessity of a real workpiece devalues this procedure. Besides, teach-in
programming hinders production taking place on the CMM.
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Both conventional offline programming and teach-in programming set up a probe cluster
consisting of seven probes (Fig. 5).

To utilize the new methods 28 access areas were directly derived from the CAD model. Six
more access areas than features were created for cylindrical features. The construction of
access areas and determination of workpiece alignment and probe cluster took about one
hour. The computed workpiece alignment was similar to the previous one, but by a rotation
of 180° the number of required probes was reduced to four. Thus, it is obvious that much
time is saved applying the new methods (Table 1, Fig. 5).

teach-in | conventional supported
offline progr. | offline progr.
entire measuring planning 2h 10h 2h
included time for determination of 15h 8h lh

probe cluster, workpiece alignment,
and detailed sequencing

programming 20h 6h 6h

Table 1: Comparison of time required by different methods of measuring planning

conventional supported by
new methods

Fig. 5: Results of measuring planning: probe clusters and workpiece alignment
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5. CONCLUSIONS

The examination of the currently performed measuring planning revealed a time-
consuming procedure. This time-consumption is mainly caused by determination of probe
cluster and workpiece alignment.

To shorten the expenditure of time for measuring planning we developed three consecutive
methods. The efficiency of these methods has been proven in the automotive industry by
applying these methods in the development of a car body part. The resulting effect was that
a high proportion of time required during the measuring planning process has been saved.

The modified sequence outlined above will have an impact on the further development of
measuring planning. After integration of the methods into CAD systems the designer is
able to validate his work with respect to quality assurance [10]. This may lead to integrated
Computer Aided Measuring Planning systems (CAMP).
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ABSTRACT:

The role and influence of eco-design on new product conception is investigated
along four main guidelines as Life Cycle: Analysis, Engineering, Assessment,
Development concept.

Friendly attitudes are the ethical and psycological basic factors. New design
strategies require “ad hoc” methods and solutions, to reach the improvements.
Which are the foreseable reactions of the entrepreneurs? Beside the CIM role, a
more profitable approach could be envisaged; the concurrent design, supported by
eco-auditors and eco-experts within the company, in order to face the “eco-
labelling” prescriptions.

The total cost of the Life Cycle shall be included in the industrial costs in view of the
heavy social costs that will be imposed for waste collection.

A prospect suggests a practical classification.
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1. INTRODUCTION

I would like to start - in order to better investigate the role and the influence of
eco-design on new product conception - by taking into consideration four main
guidelines, along which the Life Cycle Research and Development should
enhance the achievements:

- the Life Cycle Analysis that has been considered like a “balance energy-
environment”, taking from the more conventional energy balance the basic
study lines, due to the effect of the environment as an essential parameter, in
each phase of the production process;

- the Life Cycle Engineering, that has been designated not only as
“engineering” but as “art of designing” a product, characterised by a proper
Life Cycle derived from a combined choice of design, structure materials,
treatments and transformation processes;

- the Life Cycle Assessment , that is the instrument able to visualise the
consequences of the choices on the environment and on the resources, assuring
the monitoring and the control not only on products and processes, but also on
the environmental fall out;

- the Life Cycle Development Concept, that is centred on the product and
summarises the techniques to be adopted in design phase, keeping in mind till
from the first instant of the creative idea, the fall out that will influence the
environment both during the period of the product’s use, and in the following

phase when the functional performance is no more existing, but the product still
exists, to be dismantled or converted.

A friendly attitude

Let me add one more ethical and psychological factor, where some basic
friendly attitudes are emphasised:

- A product must become a friend of the environment;

- A process should respond of itself as a friend of the environment;

- A distribution to the market will act as a friend of the environment;

- A use of the product shall assure its behaviour as a friend of the environment;

- A re-use and a final dismantling of the components will finally validate all the
previous steps as friends of the environment.
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In contrast let me add the unfriendly attitudes that are enemies against which
the environment asks to be defended:

- not bio-degradable and toxic materials;
- incompatible treatments;
- not destroyable components;

- not dismantables joints and groups.

All the above positive and negative factors are fitted as the basis for the
increasing standardised prescription, starting from the famous “State of the
Art” of Life Cycle Engineering design, that included the idea-design
subsequently spread all over the world, in occasion of the “Health Summit -
Agenda 21 - Action Program of the United Nations, held in Rio 1992, where
the responsibilities especially for the more developed Countries where pointed
out for a “sustainable global development”

As a direct consequence have been prepared the Standards ISO 14001,
becoming operative during the present year 1996 as Environmental
Management Standard, to which have to be added specific standards for
industry, taking into account the more general ones to give space to an
Environmental Management System (EMS).

For instance, within the frame of the Life Cycle Engineering/Design, several
more relevant points have been identified:

- to reduce quantity of materials used for industrial production, through a
rationalisation and simplification in design and dimensioning, responding to an
analysis of the effects that every type of material induces onto the environment,
at the same time saving at least or eventually including the functionality of the
products;

- to centre the study not only on the production process (as it normally
happens), but on the whole effects of the product’s existence, by using in the
best way the resources together with the protection of the environment.

Nevertheless there is still an evident gap between rules, expectations and
realities.

I would introduce some concrete considerations
New Design strategies
It is clear that new design strategies still require to be invented and tested, as

well as new “ad hoc” methods and instruments, properly addressed to the
features, that could come from universities and from international initiatives.



88

G.F. Micheletti

Appropriate solutions to reach the improvements are to day considered as
fundamental supports of the “Design for Engineering Saving” allowing to:

- optimise the materials handling system and the logistics in general;

- select the chemical elements and additives;

- stress the thermal and electric energy saving;

- reduce the overheads costs as heating, air conditioning, air filtering etc.

Consequently during the design phase the experts cannot any more disregard:

- to improve the modularity of the project in order to extend the possibility of
derived solutions;

- to design by keeping in mind the evaluation of energy consumption, not only
in manufacturing but in the use during the product life;

- at the same time of the assembly operations, to take into consideration also
how simplify the subsequent dismantling phase (fi. with the separation of
different materials by group and the collection in function of the recycling);

- product volume and weight reduction (where possible), due to their negative
influence in respect with logistical problems;

- to simplify the maintenance operations;

- evaluation and selection of packaging materials, trying to set up protective
structures less fragile and prescribing as much as possible recycled materials.

The reactions of the entrepreneurs

As it is well known, the entrepreneurs don’t like too much the theoretical
debates, since they widely prefer practical indications.

How to manage the relationships towards environment ?
By which procedures ?

Two answers could firstly be addressed to their questions.

Every enterprise, even small-medium sized is aware to be like a system, in
which all tasks are crossing the company context.

The CIM route for a global planning seems the one to be adopted, since it
seemed - at least at the beginning - to manage the factory in a completely
automatic way without the human intervention, automatically, even for a quite
long period.

But some “errors” arose and should be recognised about this way of thinking:

- first of all with regard to men, not available to accept only secondary roles
facing the machines and the process;

- the computers, very useful to integrate the distribution/diffusion of the
information process are insufficient to accomplish the functional integration,
required to realise all the factory functions simultaneously;,

- small attention has been attributed to optimise the environmental resources;
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- the environment policy, having reached in the last time a great importance,
was not enough considered versus the standard already established within CIM
strategy.

This is why the interpretation that seems to day more substantial within a CIM
framework is as follows:

- CIM must be regarded as an important mean for the factory where the
decision are confirmed as responsibility of the men, with the help of the
computers;

- the organisation of an enterprise induces now a more flexible configuration
enabling an easier dynamics in the companies,

- the management sets out to adopt engineering techniques able to improve the
problems of the different factory areas in a punctual way, using the specialised
co-operation coming from different/complementary competencies, included the
environmental labelling;

- the product design, if and when Life Cycle criteria are adopted can be put in
front in a CIM global way, towards the subsequent steps as manufacturing,
marketing, use and, even beyond, can allow to identify the way of dismantling
and reusing.

A more profitable approach

Though a more profitable approach to the new environmental problems could
be offered by the “concurrent engineering strategy” showing the better
integration within the results and a fruitful stimulation, through the
establishment in the company of groups involving experts of-and from-
different areas, sustained by their personal experience and inclined to
investigate together many issues of different nature.

The expression “concurrent or simultaneous engineering” in the actual case of
designing should be properly indicated as “concurrent design”: a
denomination that has been accepted at an international level since 1989 (being
adopted in USA for the first time) to define a solution - very complex and
ambitious - to support the competitiveness of industries, the improvement of
the quality, the times reduction, the observance of the environmental rules.

This allows to put in action newly conceived Working Groups, including
experts as designers, production engineers, quality responsibles, market
operators, plus experts in the area of eco-system, with the possibility for them
to be active since the first moment in which a new product is born, avoiding in
this way the subsequent corrections that bring to time delays.

So the companies should be prompt to welcome their internal (and/or external)
experts of environment in their teams as eco-auditors and eco-experts, in order
to assure since the design phase and during the set up of the operation cycle,
the criteria on which we are hereby dealing with.
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The green label

To adopt this methodology is and will be difficult in that industries that like to
maintain a conventional organisation based on a hierarchical structure; in fact it
is requested to consider how to establish Working Groups in both a horizontal
and transversal configuration, with the task to operate from the idea to the end
of the product and even farther.

These basic considerations are the guidelines for eco-design to which it is
necessary to add some integrations, defined with specific and not only
technological considerations, in the concurrent areas of marketing and
economy.

That means, for a company “green labelled” to enhance its competitiveness
versus other industrial producers; to highlight the image of the enterprise itself;
to launch an ecological advertising campaign and commercial promotion; and,
not as last point, to recover the additional costs that for sure the ecological
accomplishment require.

The resonance on the market is acquiring a greater importance due to the
criticisms coming from pollution claims.

It is probable that a deeper sensibilisation will be dramatically spread in favour
of producers that appreciate the attention requested by the customers, now
more and more aware of the ecology factors for a common benefit.

Some examples of “green company”, very respectful of the environment have
become a reality, that meets and earns the liking everywhere in the
industrialised polluted world.

The producer can reasonably explain that a part of those costs, that in general
are sustained by customers and users, also through a tax system, are up to him,
this with reference also to the users costs and to the costs attributed to the
social body (dismantling and discharge of materials after life cycle is ended).

What specific solutions are involved in the production techniques?

It is clear that is a specific task of each company to define its own strategies.
Some general elements can be indicated and adopted with advantage: fi. the
standardisation criteria to which has already been referred, facilitating the
production, the assembly and maintenance; preliminary studies on producibility
and on automation of operations and of assembly, flexibility of the production
units and plants to facilitate the modification on the production level and the
conversion between similar typologies of products or components (families);
reliability and durability garanties, avoiding the limitation of product life.

It can be noticed that, till now the total cost of Life Cycle is not included in the
industrial costs: but this shall be definitely considered also in view of the heavy
cost that shall be imposed by public administrators on “waste” collection.
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Coming back to terminology, several aspects should be cleared from the
beginning. F.i. it’s important to distinguish between:

Life Cycle Analysis (LCA) , that is - as already stated - the process of
evaluation of the environmental “charges” connected with a product or an
industrial activity, the analysis must identify and quantify the incidence of the
involved amount of energy, of materials used, of scraps released within the
environment;
the evaluation practically must take into account:
- the entire life cycle of the products;
- the treatments of raw materials;
- the manufacturing operations;
- the transportation;
- the distribution;
- the use;
- the eventual further re-use;
- the recycling modes;
- the final dismantling and disruption.
In addition to that, different meanings and contents have to be attributed with
reference to:
Eco-Balance, that considers only:
- the cycle inside the plant, i.e.
- treatments;
- manufacturing;
- assembly;
- packaging.

In few words:
Life Cycle Analysis = product from cradle to grave
Eco-Balance from input to output inside the enterprises

1

Of course, both involve the management responsibility; in fact:

- new products’ design and plant’s control,

- the external and/or internal environmental rules;

- the expected precautions;

- the communication towards the subsequent clients and/or final consumers.

Which are the items, whose concrete impacts influence in a direct way the
Company strategy?
An helpful Prospect (Source SPOLD*) is in the following page.

The Prospect suggests a good route towards a practical classification, the
definition of the characteristics (i.e. to collect, aggregate, quantify the data); the
operating evaluation for each component/subgroup/group/final product.

* SPOLD, a technical frame work for Life Cycle Assessment; the Society for
Environmental Toxicology & Chemistry, Washington D.C. 1991
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Prospect: Routes towards classification

Category Impact

Type of impact

Criteria of impact

Raw materials consumption

- Renewable Raw material
consumption

- Not Renewable Raw mat.
consumption

Water consumption

- Water use, drying

Decay of resources and
of the ecosystem

Consumption of energy
resources

- Total consumption. of
primary energies

- Consumption of
renewable fossil sources

Consumption of soil

- Erosion

Damages to the natural
environment

Damage to ecosystems,
landscape etc.

Human toxicity

- Toxic. effect (ingestion,
inhalation, cancer risk).

Damage from emissions

Eco-toxicity

Eutrofiz. ecotox water
ecotoxicity ground
acidification

Global effects on the
atmosphere

Climate modifying gas
emission; ozone danger;
photochemical ozone emis.

Other effects

-Noise; smell; radiation
heat dispersion, waste
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CONCLUSION

Each Enterprise shall select the items that attains to its production; the basic
recommendation is to start very seriously the analysis.

There are already available some examples, that give useful demonstrations on
how some industrial sectors started their respective “Life Cycle Assessment”
(some are reported in the Bibliography) other sectors will move the first steps.

One “must” is addressed to each Company: every delay in facing the
environment obligations is not a benefit, but a penalisation and a lack of ethics
(whose price will be paid later).

Life Cycling has already an important role in industrial management.

The eco-management is showing the importance of parameters not too much
considered till yesterday, to day brought in evidence and to morrow belonging
to the general sensitivity of the people.

Producers and users are together involved in respecting the ecology problems
that with the finished product come back to the single components.

What the Life Cycle imposes, requires a co-operation involving “concurrent
engineering”, together with “eco-engineering”, that goes far away from the
actual laws with reference to the various emissions and stimulates study for
modelling causes, behaviours and effects. _

Till now the laws are prevailing on heavy risks, accidents, contaminations, but
shall be necessary to prevent, with the design, in such a way to eliminate the
causes of risks and accidents by means of the proper technologies; to this
purpose shall be more and more necessary to create and update a “data-base”
for materials, components, their chemical and physical properties, toxicological
and eco-toxicological properties, bio-degradability etc. In the mean time many
perspectives and hopes are connected with the introduction of clean
technology.

At the same time, researches shall be developed to solve the maintenance
problems in the light of eco-maintenance: chemical products (inside the
machines), cooling fluids, disassembly with selection of materials.

A general monitoring, as a sum of a number of sub-monitoring and pre-
monitoring, is the objective to reach.

Without the wish to criticise the strong discussion made in the last years on the
“Industry of the Future”, having recognised the outstanding value of the
production technology and the organisation methodologies, it is necessary to
recognise that nowaday some predictions (or at least projections) appear
wrong, especially considering the protection of the environment, having all

those considerations mostly the main task to increase the production rates, as a
unique aim.

It seems appropriate to adopt a correct behaviour and an objective awareness, in
order to conclude with Leo Alting: the influence of Life Cycle offers the desirable
correction to foresee, more than a “Factory of the Future”, an important, stimulating
position as the “Factory with a Future”
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PREDICTION OF FORCES, TORQUE AND POWER
IN FACE MILLING OPERATIONS
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ABSTRACT: The need for reliable quantitative predictions of the forces, torque and power in face
milling operations is discussed and the alternative force prediction approaches reviewed and
compared. It is shown that the traditional direct experimental or ‘empirical’ approach is expensive,
laborious and only considers a few variables and average force components but the curve fitted
‘empirical’ equations are most suitable for economic optimisation. The semi-empirical
‘mechanistic’ approach is more comprehensive but does not consider all fluctuating and average
force components or provide explicit force equations. By contrast the ‘unified mechanics of cutting
approach’ is the most comprehensive and generic approach allowing for all the forces and most
variables but results in complex equations. However extensive simulation studies of this proven
approach have enabled comprehensive ‘empirical-type’ equations to be established without
significant loss in predictive capability. These simpler equations which allow for numerous
variables are most suitable for machine tool and cutter design purposes and for economic
optimisation of these operations. The importance of fundamental cutting analyses in predictive
modelling of machining operations is highlighted.

1. INTRODUCTION

Machining is one of the oldest process for shaping components and due to its
versatility and precision, achieved through continual innovation, research and development,
has become an indispensable process used in manufacturing industry. In more recent years
machining has led the way towards the ‘revolution’ in modern computer based
manufacturing through developments in computer controlled machining systems and

Published in: E. Kuljanic (Ed.) Advanced Manufacturing .‘Sz;tems and Technology,
CISM Courses an(i Lectures No. 372, Springer Verlag, Wien New York, 1996.
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flexible automation. These modern automated systems have been forecast to increase the
total available production time a component spends being machined from 6% to 10% in
conventional (manual) systems to 65% to 80% making machining more important than
ever before[1, 2]. As a consequence the long recognised need for improved and reliable
quantitative predictions of the various technological performance measures such as the
forces, power and tool-life in order to optimise the economic performance of machining
operations has also become more pressing than ever before if full economic benefits of the
capital intensive modern systems are to be achieved [3]. This pressing need for reliable
quantitative performance data has recently been re-emphasised in a CIRP survey [4].

The estimation or prediction of the various technological performance measures
represents a formidable task when the wide spectrum of practical machining operations
such as turning and milling as well as the numerous process variables such as the tool and
cut geometrical variables, speed and material properties for each operation are considered
[3]. Furthermore the establishment of comprehensive machining performance data,
preferably in the form of equations, is an on-going task to allow for new developments in
tool designs, materials and coatings as well as workpiece materials. Alternative approaches
to machining performance prediction have been noted in the research literature and
handbooks although the dearth of such data remains. It is interesting to note that a new
CIRP Working Group on ‘Modelling of Machining Operations’ has been established to
investigate the alternative modelling approaches to performance prediction [5, 6].

In this paper the alternative approaches to force, torque and power prediction for the
important face milling operations will be reviewed and compared. Particular attention will
be placed on the ‘Unified Mechanics of Cutting Approach’ developed in the author’s
laboratory [3] and the establishment of equations for these performance measures essential
for developing constrained optimisation analysis for selecting economic cutting conditions
in process planning [7, 8].

2. EMPIRICAL AND SEMI-EMPIRICAL APPROACHES

Traditionally the direct experimental or ‘empirical’ approach has been used for
estimating and relating the various technological performance measures to the influencing
variables for individual practical machining operations. Thus experiments have been
planned to measure the required performance measures such as the force components,
torque and power for one or more operation variables of interest, often varied at different
levels on a one at a time basis. In view of the large number of influencing variables there
has been a tendency to limit the number of variables studied to reduce the time and cost
involved and to simplify the data processing. The performance data have often been
presented in tabular form but have also been graphed and ‘curve fitted’ to establish
‘empirical’ equations. These equations enabled the performance measure to be estimated
for any set of variables within the experimental testing domain. These equations would
need to be re-established for each variable not included in the original testing programme
such as the tool and work materials or even the tool geometrical features. In more recent
times it has been found useful to statistically plan the testing programme and apply multi-
variable regression analysis to curve fit the data to establish the ‘empirical’ equations.
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These techniques enable a larger number of variables to be included for a given amount of
testing and also provide estimates of the scatter or variability at defined levels of
confidence [7, 9, 10].

Recent reviews of the forces in milling operations has shown that although
empirical equations for some of the force components and the power were reported for
peripheral milling very few equations were found for the popular face milling operations
[11, 12]. Some earlier work by Roubik [13] using a planetary-gear torque-meter has shown
that the tangential force Fiyg in face milling was dependent on the feed per tooth f; and the
axial depth of cut a, when tested independently and given by egs.(1) and (2) while Doolan
et al [14] using a ‘fly cutter’ and a strain gauge mounted on the tooth flank used multi
variable regression analysis to arrive at egs.(3) for the tangential force Fiang in terms of f;, a,
and the cutting speed V

Fang = Ky -£,0766, Fang = Kq -, 0940 (1,2)

Ftang =K. ft 0.745aa0.664V0.049 (3)

where Ky, K4 and K were empirical constants.

Interestingly in a recent comprehensive Chinese handbook [15] (drawing on CIS
data and handbooks) an empirical equation for the tangential force which allows for the
majority of influencing variables in peripheral, end and face milling has been presented as
shown below

K-a,*f*a N,
g = aDdeyn “)
where K, X,, X1, X, ya and y, are ‘empirical’ constants and a,, a;, f; N;, D and N are the axial
and radial depths of cut, the feed per tooth, the number of teeth, the cutter diameter and the
spindle speed. The values of the empirical constants have been given for a variety of
common work materials and tool materials. Furthermore this equation enabled the torque
Ty and the power P to be evaluated from the known cutter radius (D/2) and peripheral
cutting speed V, i.e.

T, = Fapg 'D/2; P=F,

Fn

ng v (5,6)

Thus despite the very large number of variables considered comparable equations
for the three practical force components, i.e. the average feed, side and axial force, were
not available.

In general these empirical equations provided estimates for the average forces,
torque and power but did not estimate the fluctuating forces in face or other milling
operations. Furthermore few equations have been found for all the average force
components so necessary for machine tool and cutting tool design, vibration stability
analysis and constrained optimisation analyses for economic selection of milling conditions
in process planning.

Despite the many disadvantages of the empirical approach noted above an
important advantage is the form of empirical equations established which greatly enhance
the development of constrained mathematical optimisation strategies of many operations
[7,8]. :



100 E.J.A. Armarego and J. Wang

It should be noted that semi-empirical or ‘mechanistic’ approaches have been
reported to predict the average and fluctuating forces in milling operations. These
approaches involve a combination of theoretical modelling and ‘matched’ experimental
milling tests assisted by computer programmes to numerically evaluate the forces after the
‘empirical’ constants have been established for the given milling cutter geometry and tool-
workpiece material combination [16-18]. This approach generally considers one or two of
the three force components in the milling tests to establish the required ‘empirical’
constants in the computer-aided mechanistic models. Furthermore the ‘empirical’ constants
have to be experimentally established for each cutter tooth geometry. This approach is
more comprehensive and complex than the traditional ‘empirical’ approach but not as
generic as the mechanics of cutting approach discussed below.

3. MECHANICS OF CUTTING APPROACH

From a series of investigations the author and his co-workers have developed an
alternative approach to force, torque and power prediction in practical machining
operations such as turning, drilling and the different types of milling [3]. This ‘Unified or
Generalised Mechanics of Cutting Approach’ is based on the modified mechanics of
cutting analyses of ‘classical’ orthogonal and oblique cutting processes which incorporate
the ‘edge forces’ due to rubbing or ploughing at the cutting edge [19]. It has been shown
that a variety of practical machining operations such as face milling could be represented
and mathematically modelled by one or more elemental ‘classical’ oblique cutting
processes whose three elemental force components and torque could be resolved in the
required practical directions (e.g. feed, side and axial) and integrated at each and every
instant and cutter orientation to give the total instantaneous force, torque and power
fluctuations as well as the corresponding average values per cycle [3, 11, 12, 20].

In this approach mathematical models for each practical machining operation have
to be developed to allow for all the relevant tool and cut geometrical variables while a
common data base of basic cutting quantities for each tool-workpiece material combination
found from ‘classical’ orthogonal cutting tests can be used with each operation model to
quantitatively predict the forces, torque and power. Additional data bases can be
established for each new tool-work material combinations as can models for each new
practical machining operation e.g. tapping. This approach has been shown to be ideally
suited for integration into a modular software structure where independent modules for
each operation model as well as independent data base modules can be developed and
linked through the generic ‘classical’ oblique cutting module [3].

The predictive models for face milling operations allowing for tooth run-out have
been developed and experimentally verified [12, 20]. It has also been shown from
extensive simulation studies that while the tooth run-out can significantly affect the force
components and torque fluctuations and peak values the average forces are not significantly
affected when compared to the ‘ideal case’ of zero tooth run-out [12, 20].

Thus the explicit equations for the average forces and torque given below (i.e.
egs.(7) to (10)) can be used for prediction purposes and to study the effects of the many
operation variables [12]. It is evident from these equations that although the effects of the
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number of teeth N,, axial depth of cut a, and feed per tooth f; can be readily interpreted (i.e.
linear increases in the forces with increases in these variables), the effects of the tooth
cutting edge angle x;, radial depth of cut a, cutter axis ‘offset’ u (from the workpiece
centre-line) and the cutter diameter D are not always obvious in view of the complex
trigonometric functions involved. In addition, the effects of the tooth normal rake angle ¥,
and inclination angle A as well as the cutting speed V are not explicitly expressed since
these are embedded in the modified mechanics of cutting analysis ‘area of cut’ and ‘edge
force’ coefficients, i.e. the K.’s and K¢’s in the equations. Thus despite the comprehensive
nature of the predictive model and the average force and torque equations computer
assistance is required to study the effects of a number of variables on the average forces.
The effects of these operation variables on the average feed force (Fy)avg, side force (Fy)ayg,
axial force (Fag and torque (Tg)ag are shown in Fig. 1 where the trends have been
qualitatively and quantitatively verified [12, 20].
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Fig. 1 Typical average force and torque tredns in face milling (zero tooth run-out).
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N,a
(F)ayg = —(—"-{ft[l(Cp sin26, sin0, + (K, sink, + K cosk, )0, —cos20 , sind, )]

4r (7
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N,a
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R'N,-a ) ) K,
(T, ag =_2;t_=_[2f,1<cp sin@_, sin(36,) + sin:r ec] (10)
where K. ’s, K.’s, 6. and 0,, can be found from
K. Ko, K, = functions (Y, 5,7, B) (11)
K., K, = functions (v,,A,,V); K, = functions(y,,V) (12)

. afa +2u . afa,—2u), 1l a3 —2u afa;+2u 13. 14
Oc—sm( D )+sm( D )a 6, =7| m—cos D +cos D (13, 14)

It is interesting to note that this mechanics of cutting approach has been
successfully used to predict the ‘empirical’ constants or coefficients required in the semi-
empirical or mechanistic approach without the need for running special milling tests [21].
Thus the mechanics of cutting approach is the more general and generic approach.

4. DEVELOPMENT OF EMPIRICAL-TYPE EQUATIONS

Despite the generic and comprehensive nature of the ‘unified mechanics of cutting
approach’ there is a need to establish equations for the average forces, torque and power of
the type used in the traditional ‘empirical’ approach discussed above. Such equations
would explicitly show the effect of each operation variable of use in machine tool and
cutting tool design. Furthermore the simpler form of equations are admirably suited to the
development of constrained optimisation analysis and strategies for selecting economic
cutting conditions in process planning as noted above [7, 8].

From Fig.1 it is apparent that all the predicted trends are either independent of the
operation variables or vary monotonously suggesting that empirical-type equations can be
fitted to the model predictions using multi-variable linear regression analysis of the log
transformed data. Since ¥, and A can be positive or negative these variables have been
expressed as (90°-y,) and (90°-A) to ensure the logarithm of a positive number is used in
the regression analysis. Similarly the offset u has been incorporated in the radial depth of
cut about the cutter axis a; (=(a/2)+u) and a, (=(a/2)-u). In addition it is noted in Fig. 1(e)
that there is a limiting negative offset u (with the cutter axis closer to the tooth entry than
exit) beyond which the average feed forces (Fy)ayg is alway positive.

Using the predictive model and data base for milling S1214 free machining steel
with a TiN coated carbide tooth cutter an extensive numerical study involving 5184
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2(¥n)X2(As)x3(x)x3(D)X2(Nx3(ar)x3(u)x2(a,)x2(f)x2(V)) different cutting conditions
has been carried out and the predicted positive values curve fitted to yield the empirical-
type equations below and the exponent values in Table 1. The corresponding equations for
the limiting u for positive (Fy)avg have also been established which guarantee the validity of
the equations below.

F =K. (90° - )egx (90° - )elx K Kx Dedx N . a‘eixa 0y g Caxf efy \/eVx (15)
( x)avg x( Yn s r ¢ i o a \
F =K, (90° = y,)® (90° - A )ely K % D N 0y g iy 0y 5 eayf efyyy (16)
( y)avg y( 'Yn s r t i ° a ¢
(F) g =K, (90° =7,)% (90° = &)k, %= D N ™ a,%:a %« a, % £, Vs (17)

(Ty)ag =Kq (907 =7,)™ (90" =1,)™ ks D N M0 a2 0 a, S f oV (18)

Table 1 The constant and exponents of the fitted empirical-type equations (S1214 work
material and TiN coated carbide tool).

K eg el ek ed en ei €0 ea ef ev

(Favg | 1.24x10° | 4.11 | -1.04 | 0394 | -0.945] 0995 | 1.11 |-0.164 | 1.028 | 0.698 | 0.256

(Fyavg | 1.2946 1.328 | 0.069 [ -0.078 | -0.913 | 0.999 | 0.376 | 0.537 [ 0.988 | 0.849 | 0.071

(F2avg | 9.29x10"' | 3.98 | 3.52 | -1.66 | -1.01 | 0.991 | 0.518 | 0.495 | 0.852 | 0.669 | 0.279

(Tq)avg | 7.25x10* | 1.35 | 0.064 |-0.077 | -.006 | 0.999 | 0.507 | 0.500 | 0.988 | 0.848 | 0.071

From a study of the exponents in Table 1 it can be deduced that the effects of the
different operation variable on the average forces and torque are generally consistent with
the trends in Fig. 1. In addition the predictive capability of the approximate empirical-type
equations with respect to the rigorous model predictions has been assessed in terms of the
percentage deviation (e.g. %dev=100x(Empirical pred.-Model Pred.)/Model Pred.)). The
histograms of the percentage deviations in Fig.2 show that the average %dev. is very close
to zero for all force components and torque with the largest scatter from -10.8% to 13.5%
occurring for the average feed force (Fy)avg. Thus the predictive capability of the simpler
empirical-type equations can be considered to be very good.

= = 9 mean=0.01%
40 mean=0.1% 80 mean=0.01% 40 mean=0.12% 80 n=0
(Fx)avg (Fy)avg (Tq)avg
30 60 30
]
20 40 20 ]
R
10 20 10
0 0 0 Blm
16 -8 0 8 16 16 8 0 8 16 16 8 0 8 16
% dev. % dev. % dev.
(a) (b) (d

Fig. 2 Histograms of the percentage deviations between equation and model predictions.

The predictive capability of these empirical-type equations with respect to the
experimentally measured average forces are shown in Fig. 3 where again good correlation
is evident. The result in Fig. 3 have been obtained from 150 different milling conditions.
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Fig. 3 Histograms for percentage deviations between equation predictions and
measured forces (TiN coated carbide machining S1214 steel).

5. CONCLUSIONS

There is a pressing need for reliable quantitative predictions of the forces, torque,
power and tool-life in face milling, and machining in general, to optimise machining
conditions and gain maximum economic benefits of the increased productive times in
modern computer based manufacturing.

The traditional ‘empirical’ approach to force prediction is laborious, expensive and
primarily considers the tangential force and power for some variables although the
‘empirical’ equations are most suitable for economic optimisation. The semi-empirical
‘mechanistic’ approach is more comprehensive but does not consider all the fluctuating and
average force components and relies on some special milling tests and computer assistance
for quantitative predictions. The ‘unified mechanics of cutting approach’ is the most
comprehensive and generic approach which allows for all the forces, torque and power,
encompasses the ‘mechanistic’ approach, but results in complex equations. Nevertheless
this generic approach can be used to develop comprehensive ‘empirical-type’ equations for
use in CAD/CAM applications and economic optimisation.

The importance of fundamental cutting analyses and data bases in predictive
modelling of machining operations is highlighted in this work.
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ABSTRACT: Reaming is a process that is widely used in industry with very little theoretical
modelling being carried out. In this paper the cutting action of the reaming operation is presented
by explaining the thrust and torque involved. A model based on an orthogonal theory of
machining and variable flow stress is presented in order to predict the thrust and torque involved in
the cutting process. A comparison of the predicted and experimental results give good correlation
and thus indicates that the procedure used is viable.

1.0 INTRODUCTION

Reaming is an internal machining operation which is normally performed after drilling to
produce holes with better surface finish and high dimensional accuracy. A reamer consists
of two major parts. The first part is the chamfer length for material removal and the second
part, the helical flute section, carries out the sizing operation of the hole. During a reaming
operation the chamfer will first remove the excess material left from the drilling operation
which is then followed by the helical flutes which size the hole precisely and produce a
good surface finish. In analysing the thrust force and cutting torque in a reaming operation
the first step will consider the action of the chamfer length. To study the forces acting on
the chamfer, it is necessary to investigate the cutting action of a single tooth in the reamer
(Figure 1). The investigation of the single tooth showed that the cutting edge represented a
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Figure 1: Reamer geometry and cutting forces

similar geometry to a single point turning tool involved in an external turning operation.
Thus it is expected that the reaming process can be modelled by assuming that a single
tooth is a single point tool with zero or low normal rake angle, low inclination angle and a
negative side cutting edge angle (chamfer angle). Using this assumption then it is possible
to use a predictive theory of machining developed by Oxley and his co-workers [1] to
predict the thrust and torque in reaming.

In the following sections, an experimental investigation of the reaming process is
given followed by a brief description of the machining theory and the extension to the
reaming operation. The experimental results are compared with the predicted results to
verify the theoretical development. Finally conclusions are presented.

2.0 INITIAL THRUST AND TORQUE OBSERVATIONS

An experimental investigation was carried out to observe the thrust, the torque and the chip
formation during the reaming operation. The experiments involved reamer sizes of
¢10.0mm to ¢$16.0mm with varying drill sizes (¢9.5mm to ¢15.5mm) for each reamer. A
total of 18 experimental observations were obtained for a plain carbon steel with a
chemical composition of 0.48%C, 0.021%P, 0.89%Mn, 0.317%Si, 0.024%S, 0.07%Ni,
0.17%Cr, 0.02%Mo, 0.04%Cu, 0.03%Al. An example of the experimental condition is as
follows: drilled hole size = ¢9.5mm or ¢9.65mm; reamer = ¢$10.0mm; rotational speed =
140 rpm; feed-rate = 0.252mm/r. The experimental results were measured using a Kistler
9257 two component force/torque dynamometer and Kistler 5001 charge amplifiers
connected to a-PC-based data acquisition system using a RTI815 A/D card and a 80386
computer with accompanying software. A total of 1000 data points for each component
were collected over a 30 second period and an example of the results obtained is shown in
Figure 2. From this figure it is clear that the thrust force increases quickly to its maximum
value when the chamfer length is in full contact with the workpiece. The thrust force
remains fairly constant throughout the cutting period until the reamer exits the hole at the



Thrust Force and Cutting Torque in Reaming 109

Thrust (N)/
230 Torque(Ncm)

180

130

THRUST
80

30

0 5 10 15 20 25 30
Time (sec)

Figure 2: Variations of thrust and torque in reaming

bottom end when the thrust force drops down to zero in a very short time. The torque
increases rapidly at the beginning of the operation as soon as the cutting commences and
then gradually increases as the helical component of the reamer increases its contact with
the newly created surface. This trend continues until the reamer exits the hole when there
is a sudden decrease in the torque. However there is still a component of torque present
due to the rubbing of the helical component of the reamer with the newly formed surface.
This torque is seen to gradually decrease as the hole reaches its required size.

The following observations can be made in relation to the results obtained. The time
period for the rapid increase in the thrust and torque is dependent on the time taken for the
full contact of the chamfer length of the reamer (ie the feed rate) while at the exit end the
rapid decrease is dependent on the time taken for the chamfer length to disengage. From
the results it can be said that the chamfer length performs the cutting action or material
removal while the helical part carries out a rubbing action to clean out the hole to create
good surface finish and correct hole size[2]. The torque generated during the material
removal process then is going to be a summation of the two components ie cutting torque
and rubbing torque. It is expected that the rubbing torque will keep on increasing as the
length of engagement of the reamer with the hole increases till the full depth is reached.

Thus the torque can be distinguished into two components as given by the following
equation:

Tu=Tc+Th 1)
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where T, is the total torque in Nem, T, is the cutting torque in Ncm due the chamfer length
and T, is the rubbing torque in Ncm due to the rubbing effect of the helical part of the
reamer. It is expected that T, will be constant during the reaming process while Ty, will
change with specimen length or hole depth and the frictional condition at the interface for a
given cutting condition. In order to verify the experimental observations another
experiment was carried out to compare the thrust and torque obtained when reaming a
$9.65mm hole created by a larger drill. In this case the amount of material removed is less
than the previous cutting condition due to a larger drill being used. The resuits obtained
indicate a reduction in the thrust and torque with the results showing 55N for the thrust
force and 85 Ncm for the cutting torque, Tc. This is a reduction of 15 N for the thrust and
20Ncm for the torque which is expected due to the less material being removed. There was
also difference in the magnitude of the maximum rubbing torque attained by the tests. The
difference in magnitude is 53Ncm with the test for the smaller width showing a higher
rubbing component of 135Ncm compared to 82Ncm for the larger width. This result is
interesting in that the smaller width indicates a higher rubbing component and this could be
due to the variation in hole size due to the smaller width and less material removed during
cutting. So the helical part carries out the extra material removal.

Since the maierial removal in reaming is seen to be similar to the turning operation a
model is developed to predict the thrust and torque in reaming taking into account the
variable flow stress orthogonal machining theory developed by Oxley and co-workers [1].

3.0 DEVELOPMENT OF A THEORY OF REAMING

To predict the thrust and cutting torque it is essential to know the actual geometry of the
cutting edge of a reamer. The cutting edge can be modelled as an oblique tool with a
specific geometry[3]. Once this geometry is known, then for a single straight cutting edge
in oblique machining, the method uses the experimental observations (i) that for a given
normal rake angle and other cutting conditions, the force component in the direction of
cutting, F., and the force component normal to the direction of cutting and machined
surface, F, are nearly independent of the cutting edge inclination angle, i, and (ii) that the
chip flow direction, T, satisfies the well known Stabler's flow rule (M, = i) over a wide
range of conditions. It is assumed that F; and F; can be determined from a variable flow
stress orthogonal machining theory by assuming zero inclination angle irrespective of its
actual value and with the rake angle in the orthogonal theory taken as the normal rake, 0., ,
of the cutting edge. The tool angles associated with the cutting edge of the reamer together
with the predicted values of F, and F; and the values of n, and i are then used to
determine F, the force normal to F. and Fy which results from a non-zero inclination

angle, from the relation

E = F(sini — cosi sino tanm,) — Frcoso., tanm, @
R sini sino tann, + cosi




Thrust Force and Cutting Torque in Reaming 111

For a tool with a non-zero side cutting edge angle, Cs, the force components F; and F; no
longer act in the feed and radial directions. Therefore, the force components are redefined
as P, P, and P, of which the positive directions are taken as the velocity, negative feed and
radially outward directions as shown in Fig.1. For the equivalent cutting edge these are
given by the following equations

P =F,
P, = FicosC, + EsinC, 3)
P, = EsinC, - FycosC,

In predicting the force components F. and F;, the orthogonal machining theory as
described by Oxley[1] is used. The chip formation model used in predicting the forces is
given in Figure 3.

Figure 3: Chip formation model

In order to calculate forces, temperatures etc. it is first necessary to determine the
shear angle ¢ which defines the chip geometry. In order to find ¢ for given cutting
conditions and work material properties the method used is briefly as follows. For a
suitable range of shear angle values, the resolved shear stress at the tool chip interface is
calculated from the resultant cutting force determined from the stresses on the plane AB
(Figure 3) within the chip formation zone. For the same range of values of ¢ the
temperature and strain-rate in the interface plastic zone are then calculated and used to
determine the shear flow stress in this zone. The solution for ¢ is taken as the value which
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gives a shear flow stress in the chip material at the interface equal to the resolved shear
stress, as the assumed model of chip formation is then in equilibrium. Once the shear angle
is known then F;, F; etc. can be determined. Details of the theory and its applications have
been given by Oxley [1]. In addition the thermal properties of the work material used in
the experiments which are also needed in applying the machining theory are found from
relations given by Oxley.

In order to work out the equivalence of the reamer cutting edge to a single point tool
the following is carried out. The feed per revolution is converted into a feed per tooth or
cutting edge, f,, and the cutting velocity is worked out. Since the chamfer has a negative
45° chamfer angle (C;) it is necessary to convert the feed per tooth into an equivalent
undeformed chip thickness, t;, for the principal cutting edge by using t; = f; x cos C; and
the width of cut, w = radial difference in the reamer and hole size +cos C,. These values
are then inputted into the orthogonal theory to determine values of F and F;. These values
are then used with the inclination angle of 10° to determine Fy and then the values of P,, P,
and P, are determined. From these values the cutting torque, T, and the thrust force Fy, .,
per cutting edge is determined using the following relations

Fthrust = P2
T, = Pr

c

@

where r is the radius of the reamer. From these values the total cutting torque and thrust
force are calculated by multiplying the values in equation by the number of cutting edges in
the reamer. These predicted values are now compared with the experimental results
obtained.

40 COMPARISON OF EXPERIMENTAL AND PREDICTED RESULTS

The experiments carried out used the same rotational speed and feed per revolution
as the initial experiments but the reamer diameters were varied from ¢10mm to ¢15mm
with the width of cut ranging from 0.07mm to 0.5mm due to the different drill sizes used to
create the original hole. The experimental results obtained are shown in Figure 4. The
predicted and experimental values are plotted together. As can be seen from Figure 4 the
correlation between the experimental and predicted results is good given that the model is
based on the orthogonal machining theory for single point tools. The maximum difference
seen is between the predicted and experimental thrust forces (Figure 4a) with the biggest
difference being 105% for the ¢10mm reamer and the 0.31mm width of cut. However it
must be noted that this attempt at predicting the thrust force has given values of the same
magnitude. The differences in the data can be explained by the inconsistency in the
generation of the drilled hole as the drill could have inconsistent cutting action along its
flutes and thus creating an uneven surface for the reamer to follow. The results for the
thrust of the larger reamer (¢15.0mm) are in good agreement with the maximum variation
being only 20%.
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The results in Figure 4b indicate excellent agreement between the predicted and
experimental cutting torques. The biggest variation observed between the results is
approximately 35% when the width of cut is very small. This seemingly large variation
could be again due to the drilling action of the previous tool causing variations in width of
cut and thus material removal. Overall the results presented here indicate that the variable
flow stress theory of machining is capable for predicting the thrust and torque in reaming.
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Figure 4a: Theoretical and experimental values of thrust force
5.0 CONCLUSION

The work in this paper indicates that the reaming operation is not a simple operation
but involves two types of operations for material removal and sizing of the hole. The
reaming operation involves a cutting action by the chamfer length and then this is followed
by a rubbing action of the helical part to create the precise hole. The thrust force is fairly
constant during the operation with the torque being made up of two components as given
by equation (1). The rubbing component increases as the length of the reamer in contact
with hole increases. This will remain until the hole is fully cleaned out by the reamer as
indicated by the results in Figure 2. The prediction of the thrust and torque using the
variable stress machining theory has been successful however further work is required to
improve the correlation. Finally the rubbing component needs further investigation to fully
understand the reaming operation and this is currently being carried out.
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Figure 4b: Theoretical and experimental values of cutting torque
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ABSTRACT: In order to improve the toughness of alumina materials, various trials have recently
been made. These include toughening by the addition of zirconia and of significant amounts of
titanium carbide to ceramic oxide Al,O, and the more recent use of nitride based ceramics, which
have resulted in an increase of fracture toughness and in a significant improvement of ceramic tool
performance. Another very recent way of improving ceramic materials consists in adding SiC
whiskers to Al,O; matrix. This composite material is also suitable for machining nickel based alloys.
In order to evaluate and to qualify these materials some test cycles have been carried out in
continuous cutting conditions, employing cutting parameters chosen following an experimental
design and suitable testing. The wear tests have been carried out on an AISI 310 steel tube, with
cutting speeds ranging from 1m/s to 4m/s, using as cutting tools silicon nitride, alumina based and
mixed-base alumina, alumina reinforced with SiC whiskers and sintered carbide. Their chemical
stability, together with their good mechanical properties can explain the appreciable results obtained
with sintered carbide and alumina reinforced with SiC whisker tools for the cutting parameters and
tool geometry utilised.

1. INTRODUCTION
The principal properties required of modern cutting tool materials for a high production rate
and high precision machining include good wear resistance, toughness and chemical stability

under high temperatures.
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Tool failure is also usually attributed to excessive wear on tool flank and rake face, where
the tool is in close contact with the workpiece and the chip, respectively.

For this reason many tool materials have been developed in the last ten years, such as
ceramics. For a long time alumina ceramics have held great promise as cutting tool materials
because of their hardness and chemical inertness, even at high temperatures. However, their
inability to withstand mechanical and thermal shock loads make them unpredictable for most
cutting operations.

In order to improve the toughness of alumina ceramics, various research has recently been
done [1,2,3,4,5]. These include transformation toughening by the addition of zirconia, the
incorporation of significant amounts of titanium carbide, and reinforcement with silicon
carbide whiskers [6,7,8,9,10]. Recently this group has been supplemented by silicon nitride.
In our previous papers [11,12] we report the performances and wear mechanisms of some
ceramic materials when cutting AISI 1040. In the light of the results obtained after
machining new materials for special uses, it become very relevant to study the effect of
Nickel and Chromium on tool life. These latter are present in special refractory steels.

The AISI 310 nickel based alloy is one of the most frequently employed materials for
equipment subjected to high chemical wear at working temperatures of up to 1100°C.
Generally the AISI 310 steel belongs to the group of "hard to machine" materials. Its low
specific heat, thermal conductivity and hardness as compared to AISI 1040 steel, its
pronounced tendency to form a built-up-edge, strain hardening and the abrasive effect of
intermetallic phases result in exceptionally high mechanical and thermal stresses on the
cutting edge during machining. Due to the high cutting temperatures reached, sintered
carbide inserts can be used only at relatively low cutting speeds. Because of these
difficulties, recent improvements have made some ceramic tool grades suitable for
machining nickel-based alloys.

For these reasons the purpose of this paper is to refer to the performance of some ceramic
materials when cutting AISI 310 steel, nickel based alloy, in continuous cutting with cutting
speeds ranging from 1m/s to 4m/s.

2. EXPERIMENTAL SECTION
A set of tool life tests, in continuous dry turning with three-dimensional cutting conditions,
was performed on AISI 310 steel whose characteristics are reported in Tab. I
Table I Characteristics of AISI 310 steel
Chemical composition: C=0.084%; Cr=24.89%; Ni=20.72%; Mn=1.29%; Si=0.92%,
P=0.021%,; S=0.015%

Tensile stréngth: R =620 N/mm*
Hardness: HBN,, 5,55 = 160
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The material worked was a commercial tube with an outer diameter of 250mm and an inner
one of 120mm. A piece of this tube, approximately 750mm long, was fixed between chuck
and tail stock. The commercially available ceramic materials selected for the tests, according
to the insert number SNG 453, were as follows:

- Zirconia-toughened Alumina (Al,0:-ZrQ, 7%vol.), in the following called “F”;

- Mixed-based Alumina (AL, Os-TiN-TiC-Zr(,), in the following “Z”;

- Alumina reinforced with SiC whiskers (AL,O; - SiC.), in the following “W”;

- Silicon nitride (Si;Ny), in the following “S”;

- Sintered carbide grade P10 (WC-TiC-Co), in the following “C”.

The inserts was mounted on a commercial tool holder having the following geometry:

- rake angle y=-6°
- clearance angle o=6°

- side cutting edge angle y=15°
- inclination angle A=-6°

The tests were carried out with the following parameters:

- depth of cut: d=2.0mm;

- feed: f=0.18mm/rev;

-speeds: vi=1.3m/s; v;=2.1m/s; v;=3.3m/s.
In each test the cutting tool wear level was periodically submitted first to a classical control
by profilometer and then to observation of rake face and flank by computer vision system.
Each image of the cutting tool observed was digitized by a real time video digitizer board.
Finally the image thus obtained was stored in an optical worm disk. With this technique one
can always measure the flank wear and observe and check the crater dimensions.

3. ANALYSIS OF THE RESULTS

The most important observations is that in all tests carried out with AISI 310 a large groove
at the end of the depth of cut immediately begins and rapidly grows, according to the
cutting tool material. It could be thought as due to the abrasive effect of intermetallic phases
on all the tool materials used.

During the tests it has been observed that the only material which has shown a crater and
flank wear was type S, while the tool materials type C, F, W and Z have shown a large
groove at the end of the cut. For this reason it has been decided to stop the tests just when
the height of the primary groove reaches approximately 2.0mm.

Type S tool materials show a high level of flank wear, Vb, and a low level of groove, Vbn,
at speed of 1.3m/s, Fig.1. With the increase of speed the flank wear increases. At 3,3 m/s
the flank wear reaches a level of 2. 1mm after 30” of cutting.

Type W tool material show a slow increase of groove and a very low flank wear at a lower
speed, Fig.2. With the increase of speed, flank wear and groove grow more quickly. At the
speed of 3.3m/s tool life is reduced to 2107, with very little crater wear even at a higher
speed.

Type F and Z tool materials show a very short life also at a lower speed. At 1.3m/s the
groove was 2.2mm for F and 2.4mm for Z after 240” of cutting. The flank wear was very
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low at all speeds. At a higher speed both tool materials reached the maximum groove level
after 30” .
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Fig. 1 - Wear of S-type tool vs cutting time.
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Fig. 2 - Wear of W-type tool vs cutting time.
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Type C tool material, Fig.3, was very interesting at low and medium speed. At 1.3m/s the
flank wear was 0.2mm after 2400 of cutting. After the same time the groove réached the
level of 1.9mm. At the speed of 2.1m/s after 2400” of cutting the flank wear reached the
level of 0.8mm and the groove the level of 1.5mm. At the speed of 3.3m/s the flank wear
was predominant and after 400” of cutting reached the level of 1.1mm and the groove after
the same time the level of 0.3mm.
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Fig. 3 - Wear of C-type tool vs cutting time.

During cutting the chip became hotter at its external extremity. This was probably due to
the abrasive effect of intermetallic phases.

In the tests the limit imposed by regulations regarding flank wear and groove were
exceeded. The work was continued until the workpiece was well finished.

4. CONCLUSIONS

After the tests carried out with ceramic tool materials on cutting AISI 310 steel we can
conclude:

- type S tool material wears very quickly and is the only one which displays crater and flank
wear,

- types F and Z tool materials have a very short life and only displays groove wear;

- type W tool material was very interesting at low and medium speeds;

- type C tool material was the most interesting because of its long life, 40min at.low speed
and 35min at medium speed. At high speed the life shortens at 9min.

The tool materials type C, F, W and Z do not displays crater wear.
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ABSTRACT: Is milling of titanium alloys turbine blades possible with PCD (polycrystalline
diamond) cutter and what surface roughness can be expected? In order to answer the question a basic
consideration of diamond tools machining titanium alloys, chip formation and experimental results in
milling of titanium alloy TiAl6V4 turbine blades are presented. The milling results of a "slim"
turbine blade prove that milling with PCD cutter is possible. The tool wear could not be registered
after more than 100 minutes of milling. The minimum surface roughness of the machined blade was
R, = 0.89 pm. Better results are obtained when wet milling has been performed. Therefore, finishing
milling of titanium alloy TiAl6V4 turbine blades with PCD cutter is promising.

1. INTRODUCTION

Contemporary technology relies much on the exploitation of new and advanced materials.
Progress in Materials Science and Technology yields year by year new applications for new
materials. The field of gas turbine materials has experienced the introduction of several
advanced materials [1] for both the compressor and the turbine blades: respectively titanium
and nickel based alloys have met thorough industrial success. Compressor blades are used
with high rotational speeds; materials with high Young modulus E and low density are
required to obtain a high specific modulus, which is the ratio of the two and is one of the
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key factors in controlling the rotational resonance. TiAl6V4 (IMI 318), an alloy with a
mixed structure o (hexagonal close packed) and f (body centered cubic) with a room
temperature proof stress [2] of 925 MPa and a relative density of 4.46 kg/dm™ is now almost
universally used for blades operating up to 350 *C.

Titanium alloys are generally machined with uncoated carbides tools at speeds that have
been increased in the last decades much less than the ones employed in steel cutting. A
possibility to apply PCD tools in tumning for titanium - based alloys is presented in [3]. As
far as the authors know there are no publications on titanium alloys turbine blades milling
with PCD cutter.

Is milling of titanium alloys turbine blades possible with PCD (polycrystalline diamond)
cutter and what surface roughness can be obtained? To answer the question we will present
some basic considerations of diamond tools machining titanium alloys, chip formation and
experimental results in milling of titanium alloy TiAl6V4 turbine blades, obtained in Pietro
Rosa T.B.M,, a leader in manufacturing compressor gas and steam turbine blades.

2. BASIC CONSIDERATIONS OF DIAMOND TOOLS MACHINING TITANIUM

Cutting forces in titanium machining are comparable to those required for steels with
similar mechanical strength [4]; however, the thermal conductivity, comparing to the same
class of materials, is just one sixth. A disadvantage is that the typical shape of the chip
allows only a small surface area contact. These conditions cause an increase in the tool edge
temperature. Relative machining times increase more than proportionally than Brinell
hardness in shifting from the pure metal to a alloy to o/f to 8 alloys as in the following

table [S]:

Table 1. Ratio of machining times for various titanium alloys

Titanium Brinell Turning Face Milling Drilling
alloy Hardness WC Tools WC Tools HSS Tools
P tal
o 175 0.7 1.4 0.7
Near a 25
TIAI8Mo1V1 300 14 : !
o/
Tigl6V4 350 25 33 1.7
p
TiV13Crl11AI13 400 5 10 10

In roughing of titanium alloys with a 4 mm depth of cut and feed of 0.2 mm/rev, the cutting
speeds are influenced not only by the hardness but also by the workpiece material structure,

as seen in the Figure 1.
Kramer et al. [6, 7] have made an extensive analysis of the possible requirements for

improved tool materials that should be considered in titanium machining. In such an

interesting analysis a tool material should:
* promote a strong interfacial bonding between the tool and the chip to create seizure

conditions at the chip-tool interface,
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* have low chemical solubility in titanium to reduce the diffusion flux of tool constituents
into the chip,

* have sufficient hardness and mechanical strength to maintain its physical integrity.
Polycrystalline diamond (PCD) [8] possesses all these requirements. The heat of formation
of TiC is among the highest of all the carbides [9] (185 kJ/mol), the chemical solubility is
low, even if not negligible (1.1 atomic percent in a Ti and 0.6 atomic percent in § Ti), and
comparing it with single crystal diamond, has indeed enough hardness, along with a
superior mechanical toughness. PCD is thus a material worth of being considered for
machining titanium alloys, if correct cutting conditions are chosen. The correct cutting
conditions can be found out only by experiments.

70
60
50
40
30

20
10

Cutting Speed, m/min

200 300 400

Figure 1. Titanium roughing with a 4 mm depth of cut and feed of 0.2 mm/rev.
A - o WCtools, B — a and o+ HSS tools, C - B HSS tools

3. EXPERIMENTAL APPARATUS AND PROCEDURE
3.1. Workpiece and Workpiece Material

The workpiece is a compressor blade of a gas turbine, Figure 2. Such a "slim" blade was
chosen on purpose to have an extreme low stiffness of the machining system. The effect of
stiffness of machining system on tool wear in milling was considered in [10].

The material of the workpiece is TiAl6V4 titanium alloy heat treated HB400 usually used
for turbine construction.

3.2. Machine Tool and Tool

The milling experiments were performed on a CNC five axis milling machine, at Pietro
Rosa facilities in Maniago, P = 16 kW, with Walter end milling cutter, 32 mm diameter and
3 inserts PCD (Figure 3).
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Figure 2. Compressor blade TiAl6V4

Figure 3. End Milling Cutter — 3 inserts PCD
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3.3. Experimental Conditions

The pilot tests were performed to determine the adequate experimental cutting conditions.
Finishing milling was done at constant cutting conditions: cutting speed v, = 110 m/min,
feed per tooth f, = 0.135 mm, and depth of cut @, = 0.2 mm. The experiments were
performed dry and wet. The coolant was the solution of 7% Cincinnati Milacron NB 602
and water.

4. EXPERIMENTAL RESULTS AND DISCUSSION

The stiffness of the workpiece, as well as of the machining system was extremely low in
order to be able to answer the former question.

4.1. Chip Formation

A typical characteristic of chip formation in machining of titanium alloys is the formation
of lamellar chip. This can be seen in Figure 4. '

Figure 4. SEM chip micrograph of TiAl6V4 in milling

Such lamellar chip formation causes the change of cutting force and thermal stress
periodically as a function of cutting time. This holds true for continuous and interrupted
cutting, for example, for turning and milling respectively. However, there is a sudden
increase of cutting force and temperature in milling, when the tooth enters the workpiece. A
sudden decrease of the cutting force occurs at the tooth exit. Furthermore, a strong thermal
stress is present when cooling is applied. Therefore, it is hard to find a tool material to meet
the requirements for low tool wear and cutting edge chipping.
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4.2. Tool Wear

An investigation of tool wear in milling was done in [11]. The characteristics of diamond
tools are high hardness and wear resistance, low friction coefficient, low thermal expansion

and good thermal conductivity [12].
In these experiments the crater or flank wear was not observed after 108 minutes of dry

milling, Figure 5. The same results were obtained, Figure 6, in wet milling at the same
cutting conditions.

Figure 5. Cutting edge after 108 minutes of dry milling

Figure 6. Cutting edge after 108 minutes of wet milling
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There is no difference between new cutting edge and even after 108 minutes of dry or wet
milling. There is an explanation for such a behavior of PCD tool when turning titanium
alloys [3]. The formation of titanium carbide reaction film on the diamond tool surface
protects the tool particularly of the crater wear. Further work should be done for better
understanding of this phenomenon.

4.3. Surface Roughness

Surface roughness is one of the main features in finishing operations. The surface roughness
was measured at three points: 1, 2 and 3 on both sides of the blade, Figure 2. The minimum
value of surface roughness was R, = 0.89 um measured in feed direction, and the average
value was R, = 1.3 um in both dry and wet milling. It can be seen that the obtained surface
roughness is low for such a "slim" workpiece and for milling operation.

5. CONCLUSION

Based on the results and considerations presented in this paper, we may draw some
conclusions about milling of titanium alloy turbine blades with PCD cutter. The answer to
the question raised at the beginning, whether milling of titanium alloys turbine blades may
be performed with PCD (polycrystalline diamond) cutter, is positive.

The crater of flank wear of PCD cutter does not occur after 108 minutes of milling.

The minimum surface roughness of the machined surface is R, = 0.89 um, and an average
value is R, = 1.3 um measured in feed direction.

Milling of TiAl6V4 with PCD cutter could be done dry or wet. However, it is better to
apply a coolant.

In accordance with the presented results, milling of titanjum based alloy TiAl6V4 blade
with PCD cutter is suitable for finishing operation. This research is to be continued.
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ABSTRACT: In the following paper some results of the on-line identification of the cutting process
in the macro level of orthogonal turning, are presented. The process is described by the estimation of
the transfer function, defined by output-input energy ratios. The estimated parameters of the transfer
function (gain, damping) vary significantly with different tool wears and provide a possibility for
effective and reliable adaptive control.

1. INTRODUCTION

Demands on machining cost reduction (minimization of the operators assistance and
production times) and improvements in product quality are closely connected with the
successful monitoring of the cutting process. Thus, building up an efficient method for on-
line tool condition monitoring i1s no doubt an important issue and of great interest in the
development of fully automated machining systems. In detail, we describe a reliable and
continuous diagnosis of the machining process (tool failures, different tool wears and chip
shapes), observed under different machining conditions and applied in practical
manufacturing environments. A great effort has been was spent during the last decade in
researching and introducing different applications of tool monitoring techniques [1].
Numerous research works have addressed these questions, related to the complexity of the
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cutting process, but marketable monitoring applications are still too expensive and
unreliable. They are more useful in tool condition monitoring techniques. The completed
monitoring system usually consists of sensing, signal processing and decision making.
According to different approaches to monitoring problems, methods can be divided into
two categories: model based and feature based methods. A comprehensive description of
different methods is depicted in Fig 1. [2]. The most widely used are features based
methods, where we can observe some features, extracted from sensor signals to identify
different process conditions. In model based methods sensor signals are outputs of the
process, which is modeled as a complex dynamic system. These methods consider the
physics and complexity of the system and they are the only alternative in modeling a
machining system as a part of the complex manufacturing system [3]. However, they have
some limitations, real processes are nonlinear, time invariant and difficult for modeling.

MONITORING
METHODS

>

-S_i:-nsor -srcjgag.s are feat )
: eatures of the sensors
:”r‘f;‘:‘:i‘g: " signal are process
Loy ysiem indices

[ sy_sgm modélmg | i |
model evaluation l ;L:‘;S:::E e E
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I i E
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- state space modeing = time domain ; 5
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- AR model - frequecy domain na
- fR_"_"f\_ m.cael ) featuras 1
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PROCESS CONDITION
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Fig.1.: Monitoring methods divided according to different research approaches.

One of the model based methods is the energy based model, proposed by Peklenik and
Mosedale [4]. They introduced the stochastic time series energy model, which treats the
cutting process as a closed loop. An analytical description was made on the basis of
estimates of the energy average values, variances, autocorrelation functions and Furrier
transformations to power spectra. The identification of dynamic structure of the cutting
process can be determined by on-line estimation of the output-input energy time series and
their transfer function [5]. The latest research was possible due to fast developments of
sensor and signal processing techniques, so new results at the micro [6] and macro level [7]
of the cutting process were obtained.
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2. ENERGY MODEL AND TRANSFER FUNCTION OF THE CUTTING PROCESS

The classic energy model for orthogonal cutting, proposed by Merchant [8], expresses the
input energy of the process as a sum of transformation and output energies . Input energy is
used for the transformation of workpiece material to chip, to overcome the chip and tool
friction and also for the chip acceleration and new surface formation. Regarding the letter
the kinetic and surface energies are normally neglected, but they should be considered in
high speed cutting. According to the presentation of stochastic character of energies, the
extended energy model was proposed in the form of a time series [4]:

U.(0)=U,(0)+U, (1) 0]

For the orthogonal cutting model, presented in Fig.2., the input and output energies are
expressed in the form of their time series parameters [5]:

U,(1) = F, (1), (1) £ 2(2)] @
Us(t)= F, (0. (1) £ 50)] ©

o) =y ﬁ"
v b _ e
AT S N ey
transformation PR o
zone i LA [ 5
propagaling ¥
surface - 2 i N
interface F (t) P
separation
zone A )
A0 —o—# ¥l
generated - t
surface il
;! frictional R :
zY surface interfaces N \\ .

Fig 2.: Energy model of cutting process [6] and practical orthogonal implementation [7].

Fig.2. also shows the practical solution of orthogonal cutting in the case of side turning of
the tube and the necessary measuring points to access input-output parameters in energy
equations. The cutting process can be described in this way by on-line estimation of the
input output energies and their spectral estimations. The transfer function is defined as
follows [8,6]:

H(f)le_ja(f) ()
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At the transfer function equation, Guju, represents the cross power spectrum estimate
between the input and output energies and Guu; the input energy power spectrum estimate.
An estimated transfer function could be described in the form of its parameters, gain
(amplitude relationship) and damping factors ( impulse response).

3. EXPERIMENTAL SET UP DESCRIPTION AND TIME SERIES ENERGY
ASSESSMENTS

For the verification of the presented model, it is necessary to build-up a proper machining
and measuring system. The sensing system for accessing the parameters in energy equations
consists of a force sensor, cutting edge acceleration ( velocity displacement ) sensors and a
cutting speed sensor. With their characteristics, they do not interfere within the studied
frequency range of the cutting process. The greatest problem exists in measuring the chip
flow speed. On-line possibilities have so far not been materialized so that the speeds had to
be defined from interrelations between chip thickness and cutting speeds. To record all
measured parameters simultaneously in real time, a sophisticated measuring system was
used. Fig. 3. shows the basic parts of equipment for signal processing and also a description
of workpiece material, cutting tool geometry and the range of selection in the cutting
conditions.

Spectrum / Network

F:() F() Analyzer WORKPIECE TOOL
HP 3567 A - T

Is — material treatment insert grade
Zg; —ffo=—o foz—o|*] ° ISO - C45E4 normalized TNMA 220408 415 P15
W) el sml=|| CUTTING CONDITIONS

) I Vc. (m/min) f (mm/rev) a (mm) lubrication
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I - INSTRUMENTATION CHARACTERISTICS

sampl. 1. (s) | freq. . (kHz) resol. (lines) aver. (No.)

— 5 . 6,4 1600 40

HP Measurement
Software

Fig. 3.: Measuring equipment and experimental conditions description.

The machining system (machine tool and tool holder) should ensure well-known and
unchangeable characteristics throughout a whole range of applied, realistically selected
cutting parameters. Suitable static and dynamic characteristics of the machine tool need not
be defined since for the verification of the cutting model on the macro level it is enough if
the process is observed only at the cutting point and all the necessary characteristics are
defined in accordance with this point. For a clear explanation and presentation of the
structure dynamics of the cutting tip, the dynamic characteristics of the particular parts and
responses of the assembled cutting tip (tool holder-dynamometer-machine tool) were first
defined using widely known model testing methods [10]. A comparison between the
frequency responses at the cutting tip with the frequency analysis of the measured
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parameters of the process ( power spectrum of the cutting force and displacement speed ) is
shown in Fig. 4. From the above study we can conclude that the energy of the cutting
process is, in the case of the real turning process mainly, distributed in the range of the
natural frequencies of the cutting tool tip.

Freq Response Ch2:1 Avg=17
i T 1 : : H 1

400y

0

Flg 4. Power spectra of force and displacement velocity plotted in comparison of tool-tip
modal characteristics in input direction.

The fluctuations of input-output energies are determined from real time series records of
measuring parameters in energy equations. Fig. 5. shows an example of time series records
of the input parameters ( cutting speed, acceleration, computed displacement speed, the
difference between the cutting and displacement speeds and the input force) and a
calculated time series record of the input energy. Similar results have also been obtained for
the output energies. An analysis of stochastic time series records of cutting forces and
displacement velocities signals shows stability, normality and sufficient reproducibility of
measuring results. Changes in cutting conditions significantly influence the static and
dynamic characteristics of the parameters in the energy equations.
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Fig. 5.: Time series of the measured parameters and input energy evaluation.
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A power spectrum analysis of energies shows the distribution of the spectrum
corresponding to input or output forces and velocity of tool displacements. Also the
autocorrelation analysis expresses a certain periodicity in energies, detailed results have
already been presented [11]. Interesting conclusions can be drawn from these results,
obtained in cutting with different tool wears. From the power spectra of input output cutting
forces, shown in Fig. 6., we can observe the changes in the frequency distributions in the
event of turning occurring with sharp and worn tools (increasing in power spectra for input
and decreasing for output forces). Similar conclusions can also be drawn from the power
spectra of displacement speeds and computed input output energies.

input force (VB = 0 mm) output force (VB = 0 mm)

-Po-c-A'E;e::-_— Chen -
oL E— _ R Lk
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input force (VB = 0,2 mm)

Powsr Spectrum
48 ]
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Fig. 6.: Power spectra of the input and output cutting forces for new and worn £oc.>l‘
4. TRANSFER FUNCTION ESTIMATION

From the estimated power spectra of input and output energies, their relation functions and
transfer function were obtained. As presented in Fig. 7., the estimated cross power spectra
show a common signal component in the frequency range of 2 to 2,5 kHz, where good
coherence relationships (betw. 0,75 to 0,85) and signal to noise ratio (betw. 5 to 10) exist.
An estimated transfer function of the cutting process could be analyzed qualitatively
corresponding to its structure and quantitatively with respect to its parameters.

The shape of the transfer function is a characteristic of the process in connection with the
structure characteristics of the machining system in a closed loop. In amplitude relationships
its shape shows certain gain as a consequence of the cutting process and also as multimodal
responses of the tool-tip and dynamometer. The damping of the transfer function was
obtained from its impulse response, which is a damped one - sided sine wave.
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Fig. 7.: Estimations of the power spectra and transfer function of the cutting process.

In the region of a strong connection between energies we can locate changes in the gain and
damping of the transfer function as an influence of cutting conditions [11]. These
parameters could therefore be a basis for the identification of the process and a criterion for
on-line adaptation of cutting conditions according to optimal cutting circumstances[12].
Tool wear is certainly one of the most unfavorable phenomena in cutting processes.
Research on turning with a worn tool indicated an increase at power spectra of input energy
and decrease of output energy. The most significant changes are in the transfer function
parameters, while the shape remains unchangeable. Fig. 8. indicates the influence of
different tool wears on the parameters of the estimated transfer function. Decreasing in gain
and increasing in damping are the identification characteristics which confirm unfavorable
cutting conditions and accuracy of the identification process.
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Fig. 8. Gain and damping values of the transfer function for different tool wears.
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5. CONCLUSIONS

The results of the on-line identification of the cutting process on the macro level in side
orthogonal turning are presented. A cybernetic concept of the machining system, proposed
as a basis of identification by J. Peklenik, treats the cutting process in a closed loop with the
machine tool. The process is described by the estimate of the transfer function defined by
the output input energy ratios. The shape of the estimated transfer function is a
characteristic of the process. Corresponding to changes in tool wear, the gain and damping
values of the transfer function are also changed. A decrease in gains and an increase in
damping are identification characteristics, which show the unfavorable cutting conditions
and a strong connection to the cutting process characteristics. The proposed analysis of on-
line identification of the cutting process has therefore confirmed the possibility of applying
the proposed models, however, more experimental verifications in different cutting
conditions should be made to provide a possibility for practical use.
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ABSTRACT : In flexible manufacturing systems with unmanned machining operations, one of
the most important issues is to control tool wear growth in order to identify when the tool needs to be
replaced. Tool monitoring systems can be divided into on-line and off-line methods. The authors
have already conducted both on-line and off-line analyses. The simplest way to check the tool status
is to measure either the flank and the crater wear levels or the presence of a cutter breakage. This
task, which can be easily performed off-line by the operator, gives a lot of problems when it is
conducted automatically on-line. In the present paper a neural network for image recognition is
applied for the wear level detection. The network receives as input an image of the tool, acquired by
a digital camera mounted near the machine tool storage, and provides a binary output which
indicates whether the tool can continue to work.

1. INTRODUCTION

In industrial applications, where flexible manufacturing systems are employed, one of the
most important tasks is to control the tool status in order to replace it as it loses its cutting
capability. Amongst the various methods of controlling the tool status, a subdivision can be
made between on-line and off-line methods.
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The Authors have already conducted both on-line (related to machine tool vibrations) [1]
and off-line (related to direct measurement of the flank wear by means of a microscope)
analyses showing how, sometimes, it is rather difficult to correctly correlate the actual tool
status with the physical variables chosen to monitor the system. The simplest way to
conduct off-line check of tool status is to measure either the flank and the crater wear levels
(see Figure 2) or to evidence the presence of a cutter breakage. This operation gives a lot of
problems when it is conducted automatically on-line [2, 3, 4, 5].

A suitable mechanism for automatic recognition of the tool wear level can be found
applying a neural network trained to perform image recognition. The neural network
proposed by the authors is a multi-layer one where both the input nodes (518) and the
second layer (37) perform non-linear operations.

Direct tool analysis

OFF-LINE
means drect measure
of a tool charactenstic

ON-LINE
means continuous monitoring
of a physica variable

Figure 2 - Flank wear on tool edge

Figure 1 - On-line and off-line tool controls

2. NEURAL NETWORKS

The field of Artificial Neural Networks has received a great deal of attention in recent
years from the academic community and industry. Nowadays A.N.N. applications are found
in a wide range of areas, including Control Systems, Medicine, Communications, Cognitive
Sciences, Linguistic, Robotics, Physics and Economics [6].

As a definition we can say that AN.N. is a parallel, distributed information processing
structure consisting of processing elements (which can possess a local memory and can
carry out localised information processing operations) interconnected via unidirectional
signal channels called connections. Each processing element (called neuron) has a single
output connection that branches into as many collateral connections as desired. Each of
them carries the same signal, which is the processing element output signal. The processing
element output signal can be of any mathematical type desired. The information within each
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element is treated with a restriction that must be completely local : this means that it
depends only on the current values of the input signal arriving at the processing element via
incoming connections and on the values stored in the processing element's local memory.

B
X, Threshold unit ~ C;z

/ Activation funct:on Input P
signals ;-O—

Figure 3 - Basic neuron scheme i —OF ) ’

Figure 4 - A fully connected Neural Network \ ;o "d

Input | Hidden ' Output
layer layer . layer

As opposed to conventional programmed computing, where a series of explicit
commands (a programme) processes information on an associated database, A.N.N.
develops information processing capabilities by learning from examples. Learning
techniques can be roughly divided into two categories :

= supervised learning

= self-organising or unsupervised learning

Both of them require a set of examples for which the desired response is known. The
learning process consists in adapting the network in such a way that it will produce the
correct response for the whole set of examples. The resulting network should be able to
generalise (i.e. give a good response) even for cases not found in the set of examples. In the
case of supervised learning AN.N. the network topology is selected before the learning
algorithm starts and remains fixed. On the contrary, in the second the network topology is
modified as the learning process continues adding new elements (neurons).

The AN.N. we refer to is a supervised learning type. The adopted algorithm is the Back-
propagation one.

3. THE BACK-PROPAGATION ALGORITHM

The activation function for the basic processing unit (neuron) in a B.P. network is the
sigmoid function (please refer to Figure 3):

0= f(net)~ — where net = Zw x, -6 )

i=1

where @ is the bias unit input and w, are normally called weights.

signals |
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The unknowns in this expression are represented by w, and 6 for each neuron in each

layer. The error of the network can be evaluated comparing the outputs obtained by the net
(0p0) With the desired ones (d,,) extended to all the neurons of the output layer. This means
that for one of the pattern (p) used to teach the net, the error can be defined as:

Ep = ;(dpo - Opo)z 2

The total error is the sum extended to all the patterns :
1 2 1
E:ZEZ(dpo—OPO) :ZEEp (€)
P o P

The target of the learning of the net is to minimise this error, i.e. it is possible to correct
the weights repeatedly until convergence. The algorithm [7] states that the change to be
made to each weight is proportional to the derivative of the error with respect to that
weight :

L E
MW,

where wy is the weight between the output of unit 7 and unit j in the next layer. 7

represents the learning rate of the process.

It is our intent to use such a network (once adequately taught) to determine automatic
recognition of the tool status.

“

pr,.jz

4. THE ARCHITECTURE OF THE SYSTEM DEVELOPED

The system developed is schematically represented in Figure 5.
In this system a digital camera, placed

Digital camera Personal near the working machine (mill), takes the
Captured image | ] tool edge image and stores it in a binary
: Zh file. The tool is carried onto a suitable
frame in order to easily reproduce the
=00 cutter placement with respect to the
Tool camera.

The procedure is subdivided into two
different moments. In the first the images
saved are collected together with the tool
status (received by the operator) in order
to prepare a suitable set of patterns to
teach the net. In the second phase the net
automatically decides if the tool can
continue to work or must be substitued.

Frame

Figure 5 - Schematics of the system
developed
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5. THE STEPS FOLLOWED

The digital images are processed according to the following steps (the software has been
developed by the authors) :

Step 1 Step 2

Step 3 ‘ Step 4

origin of the coordinate system
for the captured image

Steps 5 and 6

Figure 6 - Different steps of the image treatment

1. the original digital image is recorded on the hard disk of the personal computer ; the
images are stored using 256 grey levels ;

2. the maximum value of the grey level of the background is used in order to obtain a
black background ; the mean grey level is also calculated ;
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3. all the non-black pixel modify their grey level in order to obtain a mean value equal to
127 (256/2-1) ;

4. a suitable procedure (starting from the origin of the co-ordinate system) finds the tool
edge and then the tool corner analysing the grey level of the image's pixels ;

5. once the image is cleaned up and the corner of the cutter is identified, a rectangle
(width equal to 2 mm and height equal to 0.2 mm) is drawn around the tool edge ; the
number of pixels contained in this rectangle depends on the scale along the x and y
axes : there are 185 x 70 pixels; this means that, using all these pixels, the input layer
of the AN.N. would consist of 12950 neurons (a too large number) ;

6. the pixels contained in this area are therefore tessellated into squares of 5 x 5 pixels
taking the mean value of the grey level for each square ; the tassels are then 37 x 14 ;

7. these grey levels are stored in a suitable ASCII file which represents one of the inputs
of the AN.N. ; using these files the network can be taught or can recognise the tool

status.

6. NETWORK ARCHITECTURE

In order to limit the number of inter-connections between neurons of different layers,
which also means reducing the calculus time during the training phase, a special network
architecture has been developed. Such a network operates on small sub regions of the input
image so that each unit of the first (hidden) layer is connected to a restricted number of
input units, belonging to a column of the tessellated image. This means the hidden layer is
composed of 37 neurons, the activation function of which is a sigmoid. All these neurons
are then connected to the output one (with sigmoid activation function) which furnishes (in
binary way) the tool status : 1 for a good tool, 0 for a tool to be changed.

In this way a network with 518 input
' neurons, 37 hidden neurons and 1 output
‘.... pddenianr neuron can be obtained with a lower number

() Output neuron

Sy of weights to be calculated, since the i-th
K neuron of the hidden layer is only connected
5 /////Z//Z//_//:"_"'fﬂ'g‘f' _____ to the j neurons of the i-th column of the
P et el input grid.
XX - - T T T TTC

Figure 7 - Example of connections between
the various layers

7. RESULTS OBTAINED

Once the network architecture was decided, it was tested with actual cases taken from
sampled images. Some of them have been used in the training phase and others in the
validation phase. In particular the network has been trained using 5/8 input neurons, 37
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hidden neurons, / output neuron, 24 samples of both good and worn tools, a learning rate
equal to 0.5 and a maximum acceptable error equal to 0.0/. In order to facilitate the
network convergence a suitable procedure was adopted. More specifically the network is
trained using only one set of the samples (5 at the beginning) and then (once convergence
occurred) a new image is put in the sample set which is used for a new convergence, and so
on until all the images are considered. The convergence of the network was obtained within
20 minutes. Figure 8 shows as an example one of the input images and the weights
distribution between the input and the hidden layers after the training phase.

Figure 8 - An example of the grey level for one of the sampled images
and the weight distribution for the trained network

To test the network’s capacity for recognising tool status, 28 other images were
experimented. The answers of the network are shown in Table 1. Only in one case did the
network give a wrong answer and in two cases it was not sure of the tool status.

Tool slatus which means

AN oulput

8 GOOD 0.999 GO0D B : SRR e O
9 GOOD 0999 GOOD pE] GOOD 0.703 GOOD
10 GOOD 1.000 GOOD 24 GOOD 0.999 GOOD
11 GOOD 1.000 GOOD % GOOD 0.9%9 GOOD
12 GOOD 0999 GOCD % GOoD 09%9 GOOD
13 GOCD 0.959 GOOD il GOOD 0.903 GOOD
14 WORN 0.013 WORN 28 GOOD 0.979 GOOD

Table 1 - Qutput of the trained network during the test phase
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8. CONCLUSIONS

The present work has shown how it is possible to identify the tool status by means of off-
line analysis using a suitably trained neural network. The architecture proposed here has
lead to a small number of interconnections (weights) even though the input layer has a large
number of neurons. The procedure of increasing the number of images in the training set has
also facilitated the network convergence reducing the calculus time. Once the network is
trained, the answer to a new image is given in real time.

ACKNOWLEDGEMENTS
This work has been made possible thanks to Italian CNR CT11 95.04109 funds.

BIBLIOGRAPHY

1. E. Ceretti, G. Maccarini, C. Giardini, A. Bugini: Todl Monitoring Systems in Milling
Operations : Experimental Results, AMST 93, Udine April 1993.

2. J. Tlusty, G. C. Andrrews : A Critical Review of Sensors for Unmanned Machining,
Annals of the CIRP Vol. 32/2/1983.

3. H K. Tonshoff, J. P. Wulsfberg, H. J. J. Kals, W. Konig, C. A. Van Luttervelt :
Developments and Trends in Monitoring and Control of Machining Processes, Annals of
the CIRP Vol 37/2/88.

4. J. H Tamn, M. Tomizuka : On-line Monitoring of Tool and Cutting Conditions in
Milling, Transaction of the ASME Vol. 111, August 1989.

5. C. Harris, C. Crede : Shock and Vibration Handbook, Vol. 1 Mc Grow Hill , England
1961.

6. Toshio Teshima, Toshiroh Shibasaka, Masanori Takuma, Akio Yamamoto, "Estimation
of Cutting Tool Life by Processing Tool Image Data with Neural Network", annals of
CIRP, vol. 41/1/1993, 1993.

7. Rumelhart D E., Hinton G.E., Williams R.J., "Learning Internal Representations by Error
Propagation", in Parallel Distributed Processing : Explorations in the Microstructures of
Cognition, Runelhart D.E., McClelland J.L. and the PDP Research Group Editors, vol.
1, Cambridge, MA. MIT Press, 1986.
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ABSTRACT: An investigation of pre-drilling effects on tap performance is developed in a statistical
framework. Results of extensive steel machining experiments are presented in terms of observations
on drill wear and tap lifetime. Work-hardening is also discussed. A tool life criterion for worn drill
replacement aimed at intemnal threading process optimisation is proposed and illustrated by a case-
study.

1. INTRODUCTION

Lifetime of high speed steel (HSS) tools for steel machining, usually exhibits coefficients of
variation in the range 0.30-0.45 [1-3]. Nevertheless, analyses of cutting performance of taps
point out that tool life coefficients of variation may have higher values, in the range 0.6-0.8.
Since lifetime of taps is affected by the pre-drilling process, it is interesting to investigate if
a relationship exists between wear of drills and life obtained by taps.

In order to contribute to a deeper insight, the present paper is focused on an array of
experiments designed and performed as follows.

A set of twist drills is partitioned into subsets such that elements in a subset are
characterised by values of wear belonging to a given range. A lot of steel workpieces is also
sub-divided into groups such that each group is composed of workpieces machined using
drills belonging to a single subset only. Each group is further machined, until tap breakage,

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology,
uCISM Courses and Lectures No. 372, Springer Verlag, \gxen New York, 1996.
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using nominally equal taps. During the experiments, observations are made in terms of
number of holes obtained by a tap before its breakage.

A statistical treatment of experimental results allows to find out a relationship between wear
of twist drills and life of taps. This result translates also into optimisation criteria for the
-complete tapping process.

2. EXPERIMENTAL DETAILS

Discs (thickness 16 mm) of steel 39NiCrMo3 UNI 7845 (HV50 = 283-303) are used for
workpieces prepared according to UNI 10238/4. On each workpiece 53 through holes are
obtained by wet drilling operations at cutting speed v. = 20 m/min and feed f = 0.08
mm/rev.

The workpieces are subdivided into 36 groups. Each group contains 8 specimens denoted
by numerals i (i=1,...,8). More, 36 twist drills UNI 5620 (diameter 6.80 mm) are used to
perform drilling operations such that a single drill per group is used. Hence 424 holes are
drilled by each drill (53 per specimen). The mean value of flank wear V' is measured on the
drill after 53 holes are completed on a single specimen. Therefore a basic experiment
consisting in drilling 8 specimens in the sequence from 1 to 8 is iterated 36 times (i.e. the
number of the specimen groups

After the drilling operations, the above specimens are tapped using taps M8 (UNI-ISO
54519). Tapping is performed at a cutting speed v.= 10 m/min. The same machine is used
for both wet drilling and wet tapping operations.

Tapping experiments are performed as follows. The drilled workpieces are grouped into 8
groups such that each group j (=1,...,8) contains the 36 specimens denoted by i=j. All the
36 specimens of each single group are tapped by a single new tap: the tap allocated to
group j is denoted by j (/=1,...,8). The total number of holes on a complete set of 36
specimens is 1908. A tap is used until a catastrophic failure occurs. If a tap happens to fail
before a set of specimens is completely machined, the worn tap is replaced by a new tap,
giving rise to a second run of experiments. Such a situation occurs when tapping specimens
belonging to the groups from no. 4 to no. 8. In the case of group no. 1, 7 extra specimens
(for a total of 43 specimens) are tapped before the tap breakage. Results of tapping
experiments are summarised in Table 1 in terms of number m of holes threaded during a tap
lifetime.

Table 1 Results of tapping experiments.

group no. m (1* run) m (2™ run)
1 2120 -
2 1621 -
3 1101 -
4 735 957
5 653 899
6 645 789
7 517 823
8 566 844
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3. DISCUSSION OF RESULTS

Individual values of flank wear measured on drills are collected in a set, such that 8 sets of
36 data each are obtained. Each set is processed in order to check if relevant data fit a
normal distribution, using a Kolmogorov-Smirnov test (K-S). Table 2 reports the mean
values of Vg (mm) along with standard deviations ¢ and parameter D2 relevant to the
distributions obtained.

Table 2 A synopsis of statistical data.

group no. mean Vg, mm el D2
1 0.076 0.0152 0.157
2 0.121 0.0283 0.175
3 0.164 0.0299 0.191
4 0.204 0.0285 0.134
5 0.228 0.0295 0.144
6 0.259 0.0334 0.181
7 0.291 0.0341 0.097
8 0.330 0.0514 0.173

Since all D2 values are less than 0.27, the critical value at the significance level 1-a=99%,
results of the (K-S) test are always positive.

The mean flank wear V'3 (mm) observed on the drills may be plotted versus the number of
drilled holes 7 on the base of a 3rd order polynomial [4]:

Vg =52-10"-n° =395.107° .12 — 01571072 .n —01618-1072 (1)

Equation (1) has a correlation coefficient ¥=0.913, a quite high value given the sample size.

Table 3 List of nys values and correlation coefficients of relevant 3rd order polynomials.

Drill no. Has r Drill no. Has r Drill no. Has r
1 327 0.958 13 332 0.978 25 196 0.983
2 286 0.972 14 297 0.963 26 291 0.986
3 355 0.941 15 274 0.972 27 243 0.943
4 295 0.966 16 247 0.960 28 197 0.967
5 325 0.948 17 376 0.952 29 242 0.974
6 341 0.979 18 301 0.984 30 283 0.977
7 270 0.974 19 301 0.924 31 290 0.957
8 363 0.989 20 308 0.971 32 292 0.961
9 338 0.980 21 310 0.987 33 305 0.972
10 231 0.966 22 231 0.956 34 246 0.983
11 212 0.962 23 270 0.989 35 327 0.997
12 270 0.943 24 257 0.971 36 278 0.965
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Following the above treatment, if also individual curves Vg=Vp(n) pertaining to each single
drill are interpolated by 3rd order polynomials, the mean number of holes 7,5 obtained until
reaching a V5=0.25 mm can be estimated. The set of these 36 values of nys fits a Weibull
distribution, characterised by the parameters oo = 7.33 and = 305.0. The significance of
this distribution according to a (K-S) test, results in a confidence level higher than 99%
(D2=0.987>0.27, the critical value). Estimated values of n,s are listed in Table 3 along with
correlation coefficients.

If data of tapping experiments are cross-correlated with data of drilling experiments, the
following equation can be obtained with a regression coefficient r = 0.897:

21750673
m= 1,059 2)

A correlation between Vg, mm, (UNI ISO 3685) and m can be obtained by the following
equation with a regression coefficient » = 0.896:

233884
m= /0852 €)

Equations (2) and (3) have prediction limits for the individual values respectively given by
the following equations (4) and (5):

exp[ln mxt,, \/6.003075 +0.00777(In n- 5464 )2 ] 4)

epr:ln mt1,/24/000312 +001619(In Vg + 1.5404)2] (5)

where t, is the o/2 point of the #-distribution for v =11.

Equations (2-3) are respectively plotted in Figures 1-2, with their confidence intervals
(a=0.05).

It is likely that tap life decrease with increase of twist drill wear may be due to the greater
work hardening that the worn drills produce on the hole walls. Also the hole diameter
reduction due to drill wear might be supposed to be a cause of this situation, but such a
conjecture is discarded on the base of the following procedure performed (before tapping)
on 3 holes in each test specimen. Actually, a statistical analysis of measurements of pairs of
diameters, taken at 1/3 and 2/3 of distance from the hole bottom respectively, points out
that the max difference between the mean diameters of the holes made by new drill and by
worn drill is maximum 0.0207 mm only. This reduction corresponds to a removed-material
increase of less than 3%. Accordingly, it is deemed that the effect of hole diameter
reduction on tap life is negligible, at a first level of approximation.
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Figure 1: Number of tapped holes vs. number of pre-drilled holes.
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Figure 2: Number of tapped holes vs. drill’s flank wear.

In order to verify the extent of work hardening on the hole walls, the 3 above mentioned
pre-drilled holes of eight specimens are sectioned. In these sections, 40 Vickers
microhardness measurements (loading mass 50 g) are performed at a distance of 0.1 mm
from the wall. Four specimens in group no. 1 (i.e. drilled by new twist drills) are compared
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with four corresponding specimens in group no. 8 (i.e. drilled by drills at the maximum wear
condition). Results of this investigation are summarised in Tables 4-5. Table 4 reports the
confidence intervals (at the level 1-0=0.95), of the mean values of microhardness
measurements.

Table 4 Confidence intervals of microhardness mean values.

specimen  confidence intervals specimen confidence intervals

group no. 1 group no. 8
#1 293.0-304.5 #1 312.0-324.4
#2 333.5-348.9 #2 356.2-377.8
#19 332.7-345.5 #19 350.3-362.6
#20 314.0-339.0 #20 347.3-367.6

Table 5 reports the confidence intervals (at the level 1-0=0.999) of the differences
(according to UNI 6806) of mean HV values of specimens in groups no. 1 and no. 8.

Table S Confidence intervals of mean microhardness differences.

group no. 1 vs. groupno. 8  confidence intervals

specimens pair #1 5.37-33.63
specimens pair #2 13.00-38.50
specimens pair #19 2.32-32.38
specimens pair #20 15.60-46.20

The life f; obtained by a tap when tapping 1 out of » holes pre-drilled by the same single
drill can be estimated by use of equation (6), where m is obtained by equation (2):

Si=l/m (6)

In general terms, results of previous analysis can be applied for estimating the tool life ratio
Jx+y attainable by a new tap in tapping a number y of holes that have been pre-drilled by a
drill used for a total of n=x+y holes. An estimate for f.+, is given by:

— - 7
Fey= T 1750673 (72)

subject to Jeys1 (7b)

In particular, when a new (or re-sharpen) drill is used to pre-drill a total of y holes, the
following conditions apply:
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x=0, and y=n=m (7¢)
and equation (7a) becomes:
y  059%
fo= S e (7d)

k=121750673

From equation (7d), the quantity =700 is obtained such that f=1: this value of y
represents the maximum number of holes attainable by a tap during its whole lifetime.

An optimal value for y can be derived on the base of economical considerations. If costs
related to accidental tap breakage are not taken into account, the cost C for tapping y holes
already pre-drilled by a single drill can be estimated. Assuming that a single new tap is used
for tapping y holes, the following equation can be derived:

_Cqtn.c +TS-M
(nr+1)'y Yy

Ct

e ()

where:
¢4 is the cost of a new drill;
¢, isthe cost for re-sharpening a worn drill,
c.is the cost of a tap;
n, is the umber of expected re-sharpening operations;
T; is the time required for substitution of a worn drill;
M is the machine-tool cost per time unit;
Jy is the exploited ratio of tap life.

It is worth noting that if a tap fails before the drill, then #, represents the number of re-sharpening
operations performed on the drill before the tap failure occurs: in this case is (7, +1)=1, and the
last term in equation (8) should be replaced by the quantity c/(7,+1).

If costs are expressed in Italian liras and time in minutes, the following cases can be developed by
introducing in equation (8) the values ¢,=500, ¢=15000, T,=0.5, and:

(a) c=5000, M=1000;
(b) ¢4=3250, M=1000;
(c) cs=5000, M=50;

(d) c4=5000, M=1500.

The relationships C=C(y) obtained by equation (8) are plotted in Figure 3, where curves
relevant to cases (b) and (c) appear overlapped.

A minimum in a plot in Figure 3 indicates the number of holes over which it is convenient to
replace a worn twist drill. It should be noticed that minima in such plots may become even
more important if a term related to cost of expected damage due to tool failure is added in
equation (8).
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Figure 3: Tapping cost plots.

4. CONCLUSIONS

The investigation performed propose a comprehensive a treatment of tool life variability

which affects performance of tools for internal threading. In the light of the experimental

results presented and discussed, the following conclusions may be drawn.

1. A statistical model may be developed which points out a possible relationship between
wear of twist drills and life of taps.

2. It is likely that tap life decrease with increase of twist drill wear may be due to the
greater work hardening that the worn drills produce on the hole walls.

3. A minimum cost criterion provides the basis for an optimal replacement strategy of wom
drills.
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ABSTRACT: The development of additives for cutting fluids has led to new products which are used
in specific machining procedures such as tapping. The improved quality shown in smaller roughness
of threads and considerably smaller cutting force moment in the process of tapping. In the research
study, some new cutting fluids were tested in cutting threads into steel and Al-alloys. Serving as a
basis in all experiments were the preliminary hole and the tool (tap) with a given cutting geometry
adopted for tapping into steel or Al-alioys. The parameters of cutting were chosen from the
technological database with respect to particular machined material / cutting tool combinations.

1. INTRODUCTION

For reasons of rationalization of the process high costs of purchasing some of the newest
cutting fluids have to be compensated, by a suitable increase in production rate or
considering smaller tool wear, and by the environmental effects: the new cutting fluids have
to be environment-friendly with a possibility of recycling. The results of the research are
presented in diagrams and tables serving as guidelines where by the pondered values method
the suitability and economy of particular cutting fluids in cutting threads were assessed.
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2. ECOLOGICAL ASPECTS OF CUTTING FLUIDS

Data analysis of scientific research works in the fields of ecology and science of residence
quality shows that most problems are due to technological carelessness, unsolved problems
of manufacturing processes and human behavior. Manufacturing processes produce
substances which pollute air, water and soil. These processes are part of business systems
and they represent the basic reasons for polluting the living and working environment. They
are also a source disturbances of the natural system balance. When this system becomes
incapable of renewing it own resources, then disturbances occur having an mankind
influence and the next generations. Most of the dust deposited in the earth crust will
undergo some process of biodegradation or some other changes that will make it less
harmful. Problems arise when dusts deposits grow faster than is the natural ability of their
neutralization, and the results are disturbances of natural balance. The process 1s just the
opposite with natural resources. We consume natural goods faster than is their renewal
ability. Business systems are in both examples the largest dust producer and the largest
consumer of resources at the same time, Figure 1.

workers
—

material —b L products
————»  service

energy —* MANUFACTURING | | 4.«

water — PROCESS - »  dust water
knowledge ———» ———» special dust
I elimination

Fig. 1. Manufacturing processes polluting the living environment

We are looking for cutting fluids which would better meet the ecological demands.
Emulsion Teolin AIK is a mixture of alkiestres of phosphorus acid with condensation
products of high grease acid. This emulsion has a good solubility with water in all
proportions. It is used first of all for machining of aluminium and other color metals. The
surface after machining is smooth and shinning. Clinical investigations of Teolin AIK
influences on human respiratory system show it is benign in solutions and when
concentrated. Investigations of biological decomposition show that Teolin AIK decomposes
in dust water.

Table 1. Data on the cutting fluids used

cutting oil with chlorinated semysynthetic fluid cutting oil
hydrocarbons
KUTEOL CSN 5 TEOLIN AIK SKF
Teol Ljubljana Teol Ljubljana
(20% emulsion)
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O - oil phase

- molecule of water
— - molecule of oil

= - surface active molecules

o= - aditive in water
O - mulecules of soluble material

Fig. 2. Schematic representation of polysynthetical cutting fluid structure

3. PROPERTIES OF WORK PIECE MATERIALS AND TOOLS

Table 2. Chemical structure and mechanical properties of steel Ck 45

Flow Tensile elongation
Chemical structure % stress stress
N/mm?> N/mm" Y%
C Si Mn P S
0.42 0.15 0.50 max. max. min. min.
0.50 0.35 0.80 0.035 0.035 420 670 16

Table 3. Chemical structure and mechanical properties of alloy AIMgSiPbBi (design. T8)

Flow Tensile elongation
Chemical structure % stress stress
N/mm? N/mm® %
Si Mg Pb Fe Bi
1.11 1.00 0.53 0.30 0.56 365 387 114

Another aim of this paper was to establish suitable combinations of cutting speeds and
cutting fluids from the point of view of machinability. Experiments were planned with one-
factor plan by Boks-Wilson method inside cutting speed limits. A mathematical model of
machinability function, which is used for searching the response inside of experimental
space, is a potential function:

where are:

Ve

M

M=C-wv}/

C,p machinability parameters,
cutting speed as control factor and
moment as process state function.

M
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The moment is the output which results from measurements of tapping process. The cutting
speed varied from Ve | min = 12 m/min to Ve | max = 25 m/min. SKF M10 tap was used with a
shape for common holes deep | = 10 mm, which were selected considering the plan of
experiments and optimal cutting geometry for Al-alloy or steel.

4. MEASUREMENT RESULTS

Measurement results are directly shown in Table 4 and 5 through the matrix plan and
statistic values.

Table 4. Tapping into Al - alloy AIMgSiPbBi1 with 20 % AIK emulsion

Matrix Variable Measured
No. plan value value y=I1nM ¥y ¥o©
Xo X) Vv, m/min M Nm
1 1 +1 25.13 3.740 1.319 1.74 -
2 1 -1 - 12.57 3.325 1.202 1.44 -
3 1 0 17.59 3.618 1.286 1.65 1.65
4 1 0 17.59 3.692 1.306 1.71 1.71
5 1 0 17.59 3.740 1.319 1.74 1.74
6 1 0 17.59 3.723 1.315 1.73 1.73
> 10.01 6.83
Table 5. Tapping into steel Ck 45 with 20 % AIK emulsion
Matrix Variable Measured
No. plan ~ value value y = InM y Yoo
Xo X v, m/min M Nm
1 1 +1 12.57 10.787 2.378 5.65 -
2 1 -1 6.28 9.581 2.260 5.11 -
3 1 0 8.79 11.569 2.448 5.99 5.99
4 1 0 8.79 10.522 2.353 5.37 5.37
5 1 0 8.79 11.182 2414 5.83 5.83
6 1 0 . 8.79 10.697 2.370 5.62 5.62
> 33.57 22.81

Equations which represent the relationship between the cutting force moment and cutting

speed are:

- for steel using a 20 % Teolin AIK emulsion:

M =7385-v""

()
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- for steel using KUTEOL oil

M =1034.v % (3)
- for Al-alloy using 20 % Teolin AIK emulsion:

M=223v°" 4)
- for Al-alloy using KUTEOL o1l

M =5323.v, % )
The model requires a variation of 24 tests carried in four repetitions in the zero point and
distributed according to the matrix. The coefficients of regression were considered and the
results verified by the Fischer criterion F;;r, the dispersion of the experimental results mean

values (Si5’) being compared with respect to the regression line (Sg’):

2
— SLF

LF — 2
Sk

(6)

The condition of suitability is fulfilled if F, 1r < F,: F; = 9.55 and is obtained from the table
of the degrees of freedom. The calculation of F, 1 yield the following results:

- Ck 45/20 % emulsion Fir=16 <F,
- Ckd45/oil F1r=7.03 <F,

- Al-alloy / 20 % emulsion Fiir=157 <F,
- Al-alloy/ oil Fi.r=0.84 <F,

which show adequacy of these models for each workpiece material / cutting fluid
combination used.

Diagrams which following from equations (2) to (5) are shown below in Figs. 3 and 4.
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material: steel Ck 45

tool: tap M10 (type E 348)
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Fig. 3 Moment vs. cutting speed in tapping steel Ck 45
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Fig. 4 Moment vs. cutting speed in tapping Al - alloy AIMgSiPbBi



Influences of New Cutting Fluids on The Tapping Process 159

5. CONCLUSIONS

Cutting fluid has, besides of cutting speed, a big influence on forces and moments in tapping
thread into steel Ck 45 and Al-alloy AIMgSiPbBi. An appropriate combination of cutting
speed and cutting fluid is important for the efficiency and required quality of machining.

Table 6. Recommended combinations of tool, cutting fluid and cutting parameters in
tapping thread into steel and Al-alloy

Workpiece material Used tap Used cooling fluid Recommended cutting
speed V. m/min
M10, DIN 317 20% emulsion
steel type E 348 Teolin AIK with water 6
(catalogue SKF 1992) Q=0.5/min
Ck 45 For thread length <2,5D Cutting oil
Kuteol CSN 5§ 12
Q=0.51/min
M10, DIN 317 20% emulsion
AlMgSiPbBi type E 358 Teolin AIK with water 12
(catalogue SKF 1992) Q=0.51/min
(T8) For thread length <2,5D Cutting oil
Kuteol CSN 5 25
Q=0.5 I/min

We can see that the moment is decreasing with cutting speed Kuteol CSN 5 oil is used, but
its usage is limited because of chlorinated hydrocarbons contents. Because of that, we must
reconcile ourselves with the primary goal of this paper stating ecological effects as the main
factor. The achievement of goals which are related to clean nature and improvement of
working and living environment definitely require more costly production.
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ABSTRACT: Two methods of intensification of the drilling process are described in the paper.
The first one - by application of different deposited or chemically treated layers for twist drills made
from high speed steels. Three coatings were applied: titanium carbide, titanium nitride and diamond-
like thin layers. Also, a vacuum nitriding was applied. Tool life was investigated when cutting carbon
steel, laminated glass fibre and hardboard. In the second part of the paper the possibility of minimi-
sing of cutting forces and torque in drilling is discussed. The influence of different modifications of
chisel edge was investigated experimentally. The results of these investigations and conclusions are
presented in the paper.

1. INTRODUCTION

Drilling is one of the most popular manufacturing methods of making holes. Twist drills are
the most common tools used in mass production as well as in small batch production. They
are made more and more frequently from cemented carbides, but mainly for economical
reasons, drills made from high speed steels are still in use. It concerns, for instance, drilling
holes of small diameters, where the risk of destruction of brittle cemented carbide drills is
very high.

Published in: E. Kuljanic (Ed.) Advanced Manufacturing Systems and Technology,
CISM Courses and Lectures No. 372, Springer Verlag, Vaien New York, 1996.
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Commercially available HSS twist drills have some disadvantages. Their wear resistance is
often insufficient, which makes their life too short for economical application. It sometimes
can be observed in cutting non-metallic materials which can consist of highly abrasive parti-
cles or have poor thermal conductivity. In consequence, the intensity of tool wear is very
high. Also geometry of commercial twist drills is not optimal for effective drilling. For
example, relatively long chisel edge makes cutting forces high, which increases the risk of
tool breakage, increases tool wear and decreases drilling accuracy.

All of these makes investigations of HSS twist drills with modifications increasing their life
and decreasing cutting forces important for economical application of these tools.

2. INVESTIGATION OF TOOL LIFE OF THERMOCHEMICALLY TREATED TWIST
DRILLS

One of the ways of tool wear resistance improvement is ‘application of thermochemical
treatment to their working surfaces. There are a lot of methods of treatment existing. This
paper deals with methods in which temperature of treatment is below tempering tempera-
ture for high speed steels. In such cases there are no structural changes, thermal stresses,
cutting edge deformations, etc. in tool material.

Commercially available twist drills made of SW7M HSS, & 3.8 mm in diameter were in-
vestigated. Drills were divided into five groups. Four groups were additionally treated -
according to information given in table 1. The fifth group of drills remained with no additio-
nal treatment for comparison. For statistical reasons each group consisted of nine drills.

Table 1 Thermochemical treatment methods applied to twist drills

Kind of treatment References
Vacuum nitriding - NITROVAC’79 [1]
TiC layer deposition [2]
Diamond-like layer deposition (3]
TiN layer deposition [4]

The following workmaterials were cut:
— laminate of glass fibre, 1 mm thick, applied for printed circuits,
— particle hardboard, 20 mm thick, applied for furniture,
— mild steel, 2 mm thick, for comparison.
Cutting speed and feed rate were constant - v.=28 m min"" and f=0.1 mm/rev, respectively.
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Measurementsof tool wear for each drill were performed after making every 50 holes and
drilling was continued until tool wear limit was reached. In these cutting conditions flank
wear dominated, cf. fig. 1, and was taken as tool wear indicator. Measurements were car-
ried out on a microscope using a special device.

Fig. 1 Flank wear of
/vg twist drill.

The following results of experiments, carried out according to [5], were obtained:

— comparison of drill wear characteristics for different workmaterials
VB = f(l,) e
— comparison of tool wear intensity coefficient

Kyg = VB/I, @)

where: l,, is length of drilling [mm].

Tool wear characteristics, average for each group of twist drills in drilling laminate of glass
fibre are shown in fig. 2. Flank wear VB=0.25 mm was taken as limiting value for these
cutting conditions because higher values causes burr appearance which is unacceptable in
this finishing operation.

Experimental average tool wear characteristics for hardboard drilling are shown in fig. 3.
Tests were stopped at 1,=800 mm because of drill flutes loading with workmaterial and
appearance of tool wear trend shown in fig.3.
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Fig. 3 Twist drill wear vs. drilling length for drilling hardboard

Experimental, average tool wear characteristics for mild steel drilling are shown in fig. 4.
Tool wear limit VBy in=0.4 was assumed.
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Fig. 4 Twist drill wear vs. drilling length for drilling mild steel

3. INFLUENCE OF CHISEL EDGE MODIFICATION ON CUTTING FORCES AND
TORQUE

The second part of investigations was devoted to modifications of twist drill geometry and
its influence on cutting forces and torque. Modifications of drill geometry concern chisel
edge in the manner shown in fig. 5. The chisel edge was partly (fig. Sb) or entirely (fig. 5¢)
removed. For comparison also twist drills without modifications (fig. Sa) were investigated.
For quantitative estimation of changes the chisel edge modification coefficient (CEMC) was
introduced, see also fig. 5:

.|
CEMC = 5| 0 100% (6)

s
where: I, is unmodified chisel edge length and 1, is chisel edge length after modification.

Investigations were performed on a stand shown in fig. 6. Feed force F¢ and torque M; were
measured by means of 4-component Kistler 9272 dynamometer. The following cutting con-
ditions were applied:

— workmatenial: carbon steel .45%C, 210HB,

— twist drills diameters:  &7.4 mm, &13.5 mm, &21 mm,

— cutting speed: 0.4 ms™ (constant),

— feed rates: 0.1 mm/rev, 0.15 mm/rev, 0.24 mm/rev,

- cutting fluid: emulsion.
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Material removed

Fig. 4 Chisel edge modifications
a) chisel edge without modification, b) chisel edge shortened,
¢) chisel edge entirely removed (cross-cut)

WORKA
PIECE M.
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1 I I
—L computer '—':.

e
| DAS 1600 - KEITHLEY |

Fig. 6 Experimental set-up

Results of investigations are shown in figures 7-12. In these figures changes of feed force
and torque versus CEMC are presented.
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The most detailed investigations were carried out for &13.5 mm twist drills, figs. 7 and 8. It
is clearly seen from these figures that chisel edge modification has very significant influence
on feed force Fy, fig. 7, and its influence on torque is hardly observed, fig. 8. Feed force
decreases with increase of CEMC and this decrease is more intensive in a range of smaller
values of this coefficient (0%-40%). For higher values of CEMC feed force decreases
slightly.

It is also seen from fig. 7 that feed rate has an influence on feed force vs. CEMC changes.
For small value of feed rate (f=0.1 mm/rev.) feed forces decreases of 44 % of initial value
while for feed rate of 0.24 mm/rev. only 24% decrease is observed.

The maximum drop of 12% is observed, fig. 8, for torque in the whole range of investigated
chisel edge modifications and feed rates for J13.5 mm twist drills.

Similar trends are observed for @7.4 mm, figs. 9 and 10, and @21 mm, figs. 11 and 12,
twist drills diameters. The greatest changes of cutting forces are observed for smaller values
of feed rates. Also, more intensive decrease of cutting forces are observed in initial range of
chisel edge modification.

CONCLUSIONS

1. Investigations presented in the first part of the paper showed advantages of thermo-
chemical treatment applied to increase their functional properties - tool life and wear
resistance - in drilling of selected workmaterials.

2. Investigations showed that titanium nitride and diamond-like layers deposited on the
working surfaces of the drill are the most effective ones.

3. Chisel edge modification has important influence on feed force and relatively small
influence on cutting torque.

4. Chisel edge modification of about 40% is sufficient to reduce significantly cutting forces.
Further chisel edge reduction has practically no influence on cutting forces.
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ABSTRACT: A commercial cermet grade SPKN 1203 ED-TR is PVD coated. The following thin
layers are deposited by a ion-plating technique: TiN, TiCN, TiAIN, and TiN+TiCN. Dry face milling
experiments are performed with application to steel AISI-SAE 1045. A comparative performance
evaluation of uncoated and coated inserts is provided on the base of flank wear measurements.

1. INTRODUCTION

Cermets, like hardmetals, are composed of a fairly high amount of hard phases, namely
Ti(C,N) bonded by a metallic binder that in most cases contains at least one out of Co and
Ni [1]. The carbonitride phase, usually alloyed with other carbides including WC, Mo.C,
TaC, NbC and VC, is responsible for the hardness and the abrasive wear resistance of the
materials. On the other hand, the metal binder represents a tough, ductile, thermally
conducting phase which helps in mitigating the inherently brittle nature of the ceramic
fraction and supplies the liquid phase required for the sintering process.

Cermet inserts for cutting applications can conveniently machine a variety of work materials
such as carbon steels, alloy steels, austenitic steels and grey cast iron [2-11].

A question of recent interest is to assess if the resistance of cermet cutting tools to wear
mechanisms may be improved by use of appropriate hard coatings.

Controversial conclusions are available in the relevant technical literature, since positive
results are obtained in some cutting conditions but unsatisfactory results may also be found,
especially with application to interrupted cutting processes [12-16].

The present paper deals with the influence of some Physical Vapour Deposition (PVD)
coatings on the performance of a cermet tool when milling blocks of normalised carbon
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steel AISI-SAE 1045. The following thin layers are deposited by a ion-plating technique [17]:
TiN, TiCN, TiAIN, and TiN+TiCN.

Dry face milling tests are performed on a vertical CNC machine tool. The cutting
performance of the uncoated and coated inserts is presented and compared in terms of tool
life obtained until reaching a threshold on mean flank wear.

2 EXPERIMENTAL CONDITIONS

The cermet used for substrate in the present work is a commercial square insert with a
chamfered cutting edge preparation (SPKN 1203 ED-TR) for milling applications (ISO
grade P25-40, M40). The insert micro-geometry is illustrated in Figure 1. This insert is the
most reliable found in a previous comparative work [4] among a set of similar commercial
cermet inserts for milling applications tested. This cermet has the following percentage
volume composition [3, 4]: 52.04 Ti(C,N), 9.23 Co, 5.11 Ni, 9.41 TaC, 18.40 WC, and
5.80 Mo,C, and a hardness of 91 HRA.

Figure 1 Micro-geometry of the cermet insert used for substrate.

As regards PVD coatings, three mono-layers (thickness 3um) of TiN, TiCN, and TiAIN
and a multy-layer (thickness 6pum) of TiN+TiCN are deposited by an industrial ion-plating
process [17].

Table I Nominal values of main characteristics of PVD coatings (industrial data).

Characteristic TiN TiCN TiAIN
thickness (1um) 1-4 1-4 1-4
hardness (HV 0.05) 2300 3000 2700
friction coefficient vs steel (dry) 0.4 0.4 0.4
operating temperature (°C) 600 450 800

thermal expansion coefficient (10°/°K) 9.4 9.4 -
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The deposition temperature is around 480 C which allows adhesion to substrates avoiding
also deformation and hardness decay. The nominal values of some main characteristics of
these coatings are given in Table I, according to industrial data. Ti-based coatings are used
as a thermal barrier against the temperature raise during the cutting process, they reduce
friction between cutting edge and workpiece, chemical-physical interactions between insert
and chip, crater and abrasive wear, and built-up-edge formation. Further, TiCN is valuable
in application to difficult-to-cut materials, and TiAIN provides a raised resistance to high
temperature and to oxidation.

As far as machining trials are concerned, dry face milling tests are performed on a vertical
CNC machine tool (nominal power 28 kW). Workpieces of normalised carbon steel AISI-
SAE 1045 (HB 190+5) were used in form of blocks 100-250-400 mm’. In such conditions,
the length of a pass is L = 400 mm, and the time per pass 7 = 31.4 s).

The cutting parameters and the geometry of the milling cutter (for six inserts) are shown in
Table I1.

Table Il Machining conditions.

Cutting parameters Milling cutter geometry
cutting speed v, 250 m/min cutter diameter ¢ 130 mm
feed f; 0.20' mm/tooth comer angle x;, 75°
axial a, , radial a, orthogonal y,, axial y,, radial y;
depth of cut 2 mm, 100 mm rake angles 2°,7°,0°

3. RESULTS AND DISCUSSION

Mean values of six /By data (and standard deviations) measured after 22.05 minutes (i.e.
42 cuts) on each insert type are reported in Table 2 along with tool lives calculated from
intersections of the straight line /’Bz=0.20 mm with each wear curve plotted in Figure 2.

Table- 111 A Synopsis of Experimental Results.

Coating VBgmax: Mean, mm (Std.Dev) Tool life, min % Tool life variation
uncoated 0.218 (0.0259) 19.7 base line (100)
TiN 0.189 (0.0107) 23.9 121.5
TiCN 0.241 (0.0119) 18.3 93.2
TiAIN 0.189 (0.0141) 23.4 119.0

TIN+TiCN 0.193 (0.0252) 23.3 118.3
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Percentage variations of tool life obtained by use of coatings are also shown in Table III,
with reference to the uncoated insert. Evolution of maximum flank wear VB measured
every 3.15 minutes (i.e. every 6 cuts) during the milling operations is plotted in Figure 2.
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Figure 2 Wear plots.

In general, the PVD coatings used give increments in tool life obtained in the experimented
conditions with respect to the cermet substrate, but the TiCN coating gives a tool life
decrement around 7 per cent (Table IIT). Initially the wear behaviour of the TiCN coated
nsert is better than the substrate’s behaviour, but after 33 cuts this coating is outperformed
by the uncoated insert (Figure 2).

As far as wear morphology is concerned, no important difference can be observed among
the coated inserts. Photographs in Figures 3-4 (low magnifications) point out the existence
of both flank and crater wear, and also of microcracks on the cutting edge of: a TiN coated
msert (Fig.3a) after 28.35 minutes (VBp=0.243 mm); a TiCN coated insert (Fig.3b) after
22.05 minutes (VBp=0.253 mm); a TiAIN coated insert (Fig.4a) after 31.50 minutes
(VBg=0.257 mm); a TIN+TiCN coated insert (Fig.4b) after 31.50 minutes (Bz=0.254 mm).
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(a): a TiN coated insert

(b): a TiCN coated insert

Figure 3 Examples of wear morphology.
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(b): a TIN+TIiCN coated insert

Figure 4 Examples of wear morphology.
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Focusing on positive results, since the wear plots in Figure 2 relevant to TiN, TiAIN, and
TiN+TiCN show similar behaviours, it can be deduced that the multy-layer does not
improve the cutting performance of the mono-layers.

It is worth noting that the TiN and TiAIN mono-layers exhibit quite high operating
temperatures, respectively 600 °C, and 800 °C (Table I). In interrupted cutting, this
characteristic is more important than hardness: actually TiCN has the highest hardness value
(3000 HV 0.05), but also the lowest operating temperature, 400 °C (Table 1). In dry milling
operations the cutting insert is subject to high cutting temperature, and to thermal shock as
well as to mechanical impacts. Using a cermet substrate, the resistance to mechanical
impacts (which relates to toughness) is controlled mainly by molybdenum carbide in the
substrate composition (volume percentage of Mo,C is 5.80% in the cermet used for
substrate). The resistance to thermal shock is controlled both by the substrate (particularly
by tantalum carbide and niobium carbide) and by the coating: in this case, cermet substrate
has 9.41% by volume of TaC, while NbC is not included in the composition.

4. CONCLUSIONS

In the light of the experimental results obtained in dry face milling tests using diverse PVD

coatings of a cermet insert, the following conclusions can be drawn.

1. Results of cutting performance are almost scattered: if the uncoated cermet insert is
referred to as the baseline, tool lives vary from ~—7% to ~22%.

2. The best performing coating is TiN, while the worst one is TiCN.

3. Efficiency of PVD coatings of cermet inserts for interrupted cutting is related to the
possibility of raising the substrate’s resistance to temperature-controlled wear
mechanisms.
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ABSTRACT

In machining of magnesium alloys, water-base cutting fluids can be effectively used to eliminate
the build-up formation and minimize the possibility of chip ignition. Water reacts with magnesium
to form hydrogen which is flammable and potentially explosive when mixed with air. This study
was carried out to estimate the quantity of hydrogen gas formed in typical machining processes. Air
containing more than 4 vol% of hydrogen is possibly flammable and can be ignited by sparks or
static electricity. To facilitate this study, a test method which can measure the quantity of hydrogen
formation was designed. The results of the study show that the amount of hydrogen generated is rel-
atively small. Part of the research was carried out in order to determine a safe method for storage
and transport of wet magnesium chips. ‘

1. INTRODUCTION

Magnesium alloys have found a growing use in transportation applications because
of their low weight combined with a good dimensional stability, damping capacity, impact
resistance and machinability.

Magnesium alloys can be machined rapidly and economically. Because of their hex-
agonal metallurgical microstructure, their machining characteristics are superior to those of
other structural materials: tool life and limiting rate of removed material are very high, cut-
ting forces are low, the surface finish is very good and the chips are well broken. Magne-
sium dissipates heat rapidly, and it is therefore frequently machined without a cutting fluid.
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The high thermal conductivity of magnesium and the low requirements in cutting power
result in a low temperature in the cutting zone and chip.

Literature indicates that magnesium is a pyrophoric material. Magnesium chips and
fines will burn in air when their temperature approaches the melting point of magnesium
(650 °C). However, magnesium sheet, plate, bar, tube, and ingot can be heated to high tem-
peratures without burning [1].

It has been described [2] that when cutting speed increases to over 500 m/min, a
build-up material may occur on the flank surface of the tool. This phenomenon may lead to
a high deterioration of surface finish, an increase in cutting forces and a higher fire hazard.
When machining with a firmly adhered flank build-up (FBU), sparks and flashes are often
observed. It has been reported that FBU formation is essentially a temperature-related phe-
nomenon [3]. ‘

Water-base cutting fluids having the best cooling capabilities, they have been used in
cutting magnesium alloys at very high cutting speeds to reduce the temperature of the
workpiece, tool and chip [4]. In addition, the coolant always plays a major role in keeping
the machine tool at ambient temperature and in decreasing the dimensional errors resulting
from thermal expansion. Water-base cutting fluids are cheaper and better coolants, and also
easier to handle in comparison with other cutting fluids.

Despite these excellent properties, water-base cutting fluids are historically not rec-
ommended in the machining of magnesium due to the fact that water reacts with magne-
sium to form hydrogen gas, which is flammable and explosive when mixed with air. Our
research shows that magnesium alloys can be machined safely with appropriate water-base
cutting fluids. The FBU problem was completely eliminated and the ignition risk presented
by the magnesium chips was minimized. Frequent inspection of the machine tool area with
a gas detector did not show any dangerous hydrogen level. The engineers concluded that
the prohibition of magnesium machining with water-base cutting fluids is no longer justi-
fied [5].

In this paper, further attempts have been made to examine hydrogen formation from
wet chips. The major outcome of the present work is the determination of a safe method for
storage and transport of wet magnesium chips.

2. FORMATION OF HYDROGEN GAS

Magnesium reacts with water to form hydrogen gas. Hydrogen is generated by corro-
sion in cutting fluid [6]. Corrosion is due to electrochemical reactions, which are strongly
affected by factors such as acidity and temperature of the solution. Electrochemical corro-
sion, the most common form of attack of metals, occurs when metal atoms lose electrons
and become ions. This occurs most frequently in an aqueous medium, in which ions are
present in water or moist air [7]. If magnesium is placed in such an environment, we will
find that the overall reaction is:

Mg — Mg?* + 2e” (anode reaction)
2H* + 2" — H, T (cathode reaction)

Mg + 2H* — Mg?* + H, T (overall reaction)
The magnesium anode gradually dissolves and hydrogen bubbles evolve at the cathode.
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Magnesium alloys rapidly develop a protective film of magnesium hydroxide which

restricts further action [8].
Mg + 2H,0 — Mg(OH), + H, T

Hydrogen is the lightest of all gases. Its weight is only about 1/15 that of air, and it
rises rapidly in the atmosphere. Hydrogen presents both a combustion explosion and a fire
hazard. Some of the properties of hydrogen which are of interest in safety considerations
are shown in Table 1. However, when hydrogen is released at low pressures, self ignition is
unlikely. On the contrary, hydrogen combustion explosions occur which are characterized
by very rapid pressure rises. It is important to emphasize that open air or space explosions
have occurred due to large releases of gaseous hydrogen [8].

Table 1: Properties of Hydrogen of Interest in Safety Considerations [§]

Property Value
Flammability limits in air, vol% 4.0-75.0
Ignition temperature, 0c 585
Flame temperature, 'C 2045

The flammability limits are expressing the dependence of the gas concentration. If
the concentration of the gas in air is beyond the limits, the mixture will not ignite and burn.

3. AREAS OF HYDROGEN FORMATION

The formation of hydrogen takes place in three different locations of the machine tool
system: in the working area of the machine, in the external part of the cutting fluid system
and in the chip transportation and storage unit (Figure 1).
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Figure 1. Schematic representation of areas where hydrogen is generated
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To minimize the generation of hydrogen, accumulation of chips, turnings, and fine
particles in the machine tool should be avoided. Chips should be stored in nonflammable,
ventilated containers.

It was demonstrated that magnesium can be safely machined with the use of appro-
priate water-base cutting fluids. Large quantities of cutting fluid are needed to keep the
workpiece, cutting tool and chips cool during high-speed machining operations.

Frequent safety inspection of the working area of the machine tool and the area of the
cutting fluid system with a portable gas detector did not reveal any dangerous concentration
of hydrogen. Especially, the portable instrument was used to detect the presence of hydro-
gen gas in confined areas of the machine tool [4].

4. EXPERIMENTAL

Several commercial Mg alloys were used as test materials. The magnesium chips
used in this study were produced in continuous fine turning. The depth of cut 0.4 mm and
the feed per revolution 0.1 mm were held constant. The chips formed when cutting magne-
sium are easily broken into short lengths with small curvatures. The hexagonal crystal
structure of magnesium is mainly responsible for the low ductility and results in segmented
chips. The ratio between the volume and weight of chips is low due to the very short chips
lengths and the low density of magnesium.

For continuously monitoring the levels of hydrogen gas generated, the EXOTOX 40,
portable gas detector was used. It is also designed to register when the lower flammable
limit is reached such that attention is drawn to this fact. The development of hydrogen con-
centration in a container completely filled with wet magnesium chips, was measured by the
experimental equipment illustrated in Figure 2.

.“/Window Display

Gas monitor
(EXOTOX 40)

Felstatetotesys

0 WET CHIPSSRRRE0X
b “i‘,‘_‘-f.f.Qd
]

CHIP CONTAINER
(30 dm?)

130

Window

© Ventilation hole

Figure 2. Schematic representation of the experimental equipment for measuring the
concentration of hydrogen generated from wet magnesium chips
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5. RESULTS
5.1 RATE OF HYDROGEN FORMATION

The hydrogen gas formation can be estimated based on the test results given in Fig-
ure 3, which shows the percentage of hydrogen generation for distilled water and two cut-
ting fluids. Of these three fluids, the cutting fluid with pH 9.5 gave the best results.

The rate of corrosion of magnesium and consequently the generation of hydrogen gas
in aqueous solutions is severely affected by the hydrogen ion concentration or pH value.
The generation of hydrogen gas is several times higher at low pH values. Therefore the pH
value of the cutting fluid used in the machining of magnesium should be chosen as high as
possible.

It is important to note that, to avoid health hazard the pH-value should however not exceed

about 9.5.
2
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Figure 3. Measured values of generated hydrogen concentration in the closed container
Silled with wet magnesium chips
(Transportation time from cutting zone to container: 10 min)

The generation of hydrogen from wet magnesium chips is also highly affected by the
temperature of the applied cutting fluid. The hydrogen gas formation is about 25 times
higher at 65 °C than at 25 °C. An increase in temperature affects the chemical composition
and physical properties of the fluid. The composition of the cutting fluid is affected by
changes in solubility of the dissolved magnesium, which cause an increase of pH value.
Simultaneously, the volume of generated hydrogen rises [4].
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5.2 EFFECT OF VENTILATION ON HYDROGEN CONCENTRATION

Although hydrogen gas has a strong tendency to escape through thin walls and open-
ings, the measuring results indicate that containers used for storage of wet magnesium
chips need to be well ventilated. As illustrated in Figure 4, the lower flammable limit was
reached within 7 hours even when the experimental container had a 10 mm ventilation hole
in the top cover. When the ventilation hole had a diameter of 25 mm, the percentage of gen-
erated hydrogen remained well below the lower flammable limit.
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Figure 4. Effect of ventilation on generated hydrogen concentration from
wet magnesium chips (Transportation time: 10 min, pH=7)
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These measurements, in addition to similar measurements made after longer periods
of exposure, indicate that three 25 mm holes near the top of containers and barrels used for
storage of wet magnesium chips should be sufficient to avoid undesirable hydrogen con-
centrations. It is recommended that the holes are positioned just below the top cover (to
avoid the entry of rain water on the magnesium chips).

5.3 EFFECT OF “DRYING TIME” ON HYDROGEN FORMATION

Figure 5 clearly illustrates a substantially reduced generation of hydrogen from chips
dried in air for 4 hours at 25 °C in atmospheric conditions, than from wet chips stored
immediately after machining.

Newly generated magnesium chips exposed to indoor or outdoor atmospheres will
develop a gray film which protects the metal from corrosion while generating a negligible
amount of hydrogen. X-ray diffraction analysis of corrosion films indicates that the primary
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reaction in corrosion of magnesium is the formation of magnesium hydroxide (Mg(OH),),
which terminates the generation of hydrogen [§].
6
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Figure 5. Effect of drying time of wet magnesium chips on hydrogen formation,
before storing in a slightly vented container

Figure 6 shows the concentrations of hydrogen in a barrel filled with magnesium
chips was first dried in air for two days. As illustrated, the generation of hydrogen
decreases from day to day and was at any time much lower than the lower flammable limit
of hydrogen. Experimental results presented in Figure 5 and 6 verify that the wet magne-
sium chips have to be dried before storage in containers and barrels, e.g. with the aid of
chip centrifuges.The container used for storing magnesium chips had three 25 mm ventila-
tion holes. The containers and barrels should be stored in a safe and readily accessible loca-
tion and the area should be effectively ventilated.
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Figure 6. Concentration of hydrogen in a barrel relative to exposure time
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6. CONCLUSION

The analysis of experimental results, presented above, provides some useful informa-
tion on the formation of hydrogen gas from wet magnesium chips. It has been found that:

1. A cutting fluid with a high pH-value must be selected. The generation of hydrogen
gas in aqueous solutions is strongly influenced by the hydrogen ion concentration or
pH-value. Cutting fluids with higher pH-values will generate less hydrogen gas.

2. To maintain safe machining operations and handling of wet chips, accumulation of
hydrogen gas should be prevented in the machine tools and the containers for chip
storage.

3. A 50 h exposure of newly generated chips to indoor or outdoor atmospheres in
isolated areas will allow the formation of a gray, protective film which terminates the
generation of hydrogen gas.

4.  Chips should be stored in nonflammable, ventilated containers in isolated areas.
Three 25 mm holes at the top of the containers and barrels should be sufficient to
avoid dangerous hydrogen concentrations.

5. In addition to the available information on safety when handling magnesium,
the following additional safety procedures are suggested:

- Separation of the adhered cutting fluid from wet magnesium chip with the aid of
chip centrifuges.
- Turnings and chips should be dried before being placed in containers.
- Wet magnesium chips should be stored and transported in ventilated containers
and vehicles.
Further investigation is desirable in order to determine the design of the ventilation systems
in relation to the quantity of metal and water. There is also a need of additional investiga-
tion of the influence of environmental temperature and ventilation conditions on hydrogen
formation.
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ABSTRACT: In grinding a thermal damage of the workpiece has to be avoided reliably. For this aim
various techniques are used to check the integrity state of a ground workpiece, to monitor the process
itself or to evaluate the grinding wheel wear. In this paper the principles and measuring results of
different suitable sensor systems are presented. A micromagnetic system is used to characterise the
surface integrity state of case-hardened workpieces. A laser triangulation sensor has been developed,
which can be installed in the workspace of a grinding machine. The evaluation of the sensor
parameters allows to describe the micro- and macrogeometrical wear state of the grinding wheel.
Examples of industrial application demonstrate the efficiency of these technologies to avoid thermal
damage.

1. INTRODUCTION

In grinding a thermal damage of the workpiece has to be avoided-reliably. The result of the
grinding process strongly depends on the choice of input variables and on interferences.
During grinding this interferences are usually vibrations and temperature variations. Besides
the machine input variables and the initial state of the workpiece the topography state of the
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grinding wheel is of substantial importance for the achievable machining result. The quality
of the workpiece is mainly determined by geometrical characteristics. Furthermore the
integrity state of the surface and sub-surface is of importance [1-3].

In industrial applications various techniques are used to check the surface integrity state of
ground workpieces. Laboratory techniques like X-ray diffraction, hardness testing or
metallographical inspection are time consuming and expensive, while etching tests are
critical concerning environmental pollution. Visual tests and crack inspection are used
extremely rarely because of their low sensitivity. The direct quality control of ground
workpieces is possible with the micromagnetic analysing system. Based on the generation of
Blochwall-motions in ferromagnetic materials a Barkhausennoise-signal is investigated to
describe the complex surface integritiy state after grinding. White etching areas, annealing
zones and tensile stresses can be separated by using different quantities. Acoustic Emissions
(AE) systems are installed in the workspace of the grinding machine suitable to detect
deviations from a perfect grinding process. The AE-signal is influenced by the acoustic
behaviour of workpiece and grinding wheel. Furthermore the monitoring of the grinding
processes is possible evaluating forces and power consumption. Laser triangulation systems
mounted in the workspace allow to describe the micro- and macrogeometrical wear state of
grinding wheels.

2. OPTICAL MONITORING OF GRINDING WHEEL

The quality of ground workpieces depends to a great extent on the grinding wheel
topography, which changes during the tool life. In most cases dressing cycles or wheel
changes are carried out without any information about the actual wheel wear. Commonly,
grinding wheels are dressed or replaced without reaching their end of tool life in order to
prevent workpiece damages, e.g. workpiece burning. As a rule the different types of wheel
wear are divided in macroscopic and microscopic features. Macroscopic features describe the
grinding wheel shape. Radial run out caused by unbalance or non uniform wear is the most
important one. But also ellipticity and wheel waviness belong to the group of macroscopic
features. Apart from the shape of the grinding tool the microscopic quality features of the
wheel play an important role. The cutting capacity of the tool is described by the roughness
and is influenced by grain breakage, grain pullout, flat wear and wheel loading, which may
damage the workpiece surfaces due to higher thermal load. Up to now there are no measuring
techniques available for monitoring the state of wheel wear in order to assure a high quality
level. Therefore a new sensor has been developed at the Institute for Production Engineering
and Machine Tools (IFW) based on the principle of triangulation [6]. Fig. 1 shows the basic
principle of the triangulation sensor and the characteristic quantities of the bearing ratio
curve (b.r.c.) that are used for the evaluation of microgeometrical grinding wheel wear. A
laser diode emits monochromatic laser light on the grinding wheel surface. The scattered
reflected light is focused on a position sensitive detector (PSD). If the distance to the sensor
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changes, the position of the reflected and focused light on the PSD also changes. The b.r.c is
calculated from surface roughness profiles recorded along the grinding wheel circumference.
The point of interest is the variation in slope of Abott’s b.r.c.. For this purpose a new German
standard has been developed with special parameters for describing the shape of curve. These
parameters divide the total peak-to-valley height of a surface profile into three portions
corresponding to three heights: Ry, the kernel or core roughness, Ry, the reduced peak
height, and Ry, the reduced valley depth.
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Fig. 1: Triangulation sensor for monitoring of grinding wheel wear

3. MICROMAGNETIC EVALUATION OF GROUND WORKPIECES

As mentioned above the surface quality can significantly be influenced by the grinding
process. Until now these characteristics are determined with measuring methods, which are
time consuming and cannot be used for real time testing. Most of the industrial measuring
methods are only suitable for detecting occurred damages especially on the workpiece
surface. The measuring principle is based on the fact, that the magnetic domain structure of
ferromagnetic materials is influenced by residual stresses, hardness values and metallurgical
parameters in sub-surface zones. Adjacent ferromagnetic domains with different local
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magnetization directions are separated by Bloch-walls. There are two kinds of Bloch-walls
to be distinguished; the 180°-walls with comparatively large wall-thickness and the 90°-walls
having a small wall-thickness. An exciting magnetic field causes Bloch-wall motions and
rotations. As a result the total magnetization of the workpiece is changing. With a small coil
of conductive wire at the surface of the workpiece the change of the magnetization due to the
Bloch wall movements can be registered as an electrical pulse, fig. 2 . This magnetization is
not a continuous process, rather the Bloch walls move in a single sudden jumps. Prof.
Barkhausen was the first to observe this phenomenon in 1919. In honour of him the obtained
signal of the addition of all movements is called Barkhausen noise. The magnetization
process is characterized by the well-known hysteresis shearing. Irreversible Bloch wall
motions lead to remaining magnetization without any field intensity H, called remanence B,.
For eliminating this remanence, the application of a certain field intensity, the coercivity H

is necessary [4,5].
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Fig. 2: Micromagnetic structure and measuring quantities

The Barkhausen noise is damped in the material due to the depth it has to pass. The main
reason is the eddy current damping effect that influences the electromagnetic fields of the
moving Bloch walls. The presence and the distribution of elastic stresses in the material
influence the Bloch wall to find the direction of easiest orientation to the lines of magnetic
flux. Subsequently the existence of compressive stresses in ferromagnetic materials reduces
the intensity of the Barkhausen noise whereas tensile stresses will increase the signal. In
addition to these stress sensitive properties also the har<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>