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I ntroduction

Madhining operations comprise a substantial portion o the world's manufacturing
infrastructure. At the 1% CIRP Internationd Workshop on Modeling & Machining
Operations, Atlanta GA 19 May 1998, one of the greatest contributors the scientific study of
maaiining operations, Dr. Eugene Merchant, estimated that 15% of the value of all
mechanical componrents manufactured worldwide is derived from machining operations [1].
Other studies have found that domestic expenditures on macdiining amourt to between 3%
and 10 of the ainual U.S. gross domestic product (GDP): between $240to $850 lili on
dollars for 1998 [2,3]. However, despite its obvious econamic and tedhnical importance,
madhining remains one of the least understood d manufacturing operations, and machining
parameters are still chosen primarily through empirical testing and the experience of machine
operators and pogrammers. This approach is costly, and while databases have been
developed from large numbers of empirical tests [4,5], these databases |ose relevance @& new
tod materials, machines and workpiece materials are devel oped.

These difficulties have been accentuated by very rapid changes in machining techndogy
during the past decade. Chief among these danges has been the rapid successul
commerciaization d reliable high-speed machining systems. The cmporents that have
enabled the development of high-speed madining include: (1) spindes cgpable of speeds
excealing 40 thousand revolutions per minute while simultaneously delivering tens of
kil owatts of power to the aitting zone; (2) rigid, low-massmachine-tod structures; (3) high-
spedl linea dlide-ways capable of coordinated linea motions at tangential speeds of upto 0.6
meters per second and accelerations of 20 meters per second squared. Madhines that are
designed to take advantage of these cmmponents are cgable of metal removal rates that arein
excessof ten times those of their conventional courterparts.

The most dramatic gpplicaions of high-speed machining have been in the manufadure of
aluminum componrents where volumetric material removal rates can be extremely high: often
thousands of cubic centimeters per minute. In the aerospace industry, high-speed madining



is changing the way aircraft are manufadured by enabling the replacement of sheet-metal
asemblies with maciined mondithic comporents resulting in substantial cost savings and
improved performance. A number of other benefits have been associated with the high-speed
maaining of aluminum including: (1) shorter machining time; (2) improved surface finish;
(3) reduced thermal and mechanicd stresses on the workpiece ad todl; and (4) improved
dynamic stability. Halley et a. [6] detail the development of high-speed machining at Boeing
through cooperative research efforts with Tlusty, Smith and co-workers. This paper cites
compelling examples of applications at Boeing during the past ten years. However, while
recent advances in the high-speed machining of Nickel Aluminum Bronze, Titanium Alloys
and nickel superaloys have been reported, progress in these more difficult-to-machine
materials has been slow. The effect of material on attainable autting speeds (circa199) is
demonstrated in Figure 1 (after Shultz and Moriwaki [7]). Clealy the definition d “high
spedal” in the term high-speed-madining is material dependent.
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Figure 1: Attainable surface speeds in the machining of various materials (After Shultz and
Moriwaki [7]).

The progressof high-speed madining in more difficult-to-machine materials has been limited
by both chatter and tod wear. In high-spead machining, these fadors are even more
important to consider. High temperatures and materia flow rates can lead to rapid
caastrophc tod falure, and the solutions to dynamic stability problems may be
courterintuitive (Tlusty et al. [8], Smith et a. [9] and Davies et a. [10]). In addition, past
madhining knowledge that has been coll ected in empirical databases such as the Machining
Data Handbod [5] are out-of-date. These fadors have led some manufacturers to begin
seeking a more scientific goproac to the problem (e.g. the Assessment of Machining Models
Effort [11] among NIST, Ford General Motors and Caterpillar). There is a drive to use
sophisticaed finite-element and dynamic simulation software to reduce the need to generate
and maintain costly empirica databases that keep pace with rapidly changing tedindogy.
Madhining involves a complex interadion among dynamic phenomena occurring on wide
range of different length and time scdes.  For example tod wea rates and the forces that



may produce vibrations of the entire madine tod structure (meters in dmension) are
primarily governed by the thermal, stressand strain-rate condtionsin aregion at the tod-chip
interface.  This region hes charaderistic dimensions that may be & snall as a few
micrometers. A related olservation can be made @ou the operative time-scdes of the
interading processes. This interaction ketween large and small-scde norlinea phenomena
makes accurate predictive modeling of high-speal machining extremely difficult. In addition,
the condtions encourtered in most machining operations are so extreme that there is pressng
need for adequate data on the behavior of a material under condtions of high-strain, strain-
rate and temperature (Childs[12]).

Survey of the Field of Machining Resear ch

The oncept of high-speed madining originated in Germany with the work of Salomonin the
late 1920Gs [13]. Salomon conducted machining experiments in which the temperatures at the
tod-chip interface were measured as a function d cutting speed for a number of different
materials. These measurements owed that, while there was an initial increase in
temperature with cutting speed in al materials, this trend always reversed as eeds were
increased beyonda cetain criticd speed that was related to the material being cut. While he
did na explain his results, and the results have not proved reproducible, Salomon’s work was
the first to suggest that courterintuitive phenomena may result from the complex noninea
character of the plastic flow that exists at the todl-chip interface This work led Salomon and
others to pastulate the existence of a high-speed machining regime that has gparked a number
of efforts, detaled by King [13]. These dforts have ontributed to the rapid
commercialization d high-speed machining that has occurred over the last ten yeas.

Salomon’'s work was nat the first scientific study of macdining to be cnducted. In fad such
studies date badk more than a century to the early work of Von Mises, Mallock [14] and
Taylor [15] in the midde and late 1800. Many of these dforts have focused on the
fundamental medhanics of the plastic flow that is generated at the tod-chip interface The
next period d rapid development after Salomon occurred in the 1930s and 1940s. The
study of machining mechanics was for the first time placed on a solid physical and
mathematicd foundation by the work of Piispanen [16] and Ernst and Merchant [17,18,19.
Progresscontinued in the studies of Merchant [20,2]], Field and Merchant[22], Drucker [23],
Shaw and Finnie[24], Lee[25] and Rice[26]. More alvanced ideas from plasticity, thermo-
plasticity, and materials ience have dso been introduced to analyze various chip-formation
phenomenaincluding: (1) continuouws chip formation (Lee and Shaffer [27], Cook, Finnie and
Shaw [28], Hill [29], Roth[30], Oxley [31], Ramalingham and Bladk [32], and Von
Turkovich[33]); (2) built-up edge (Ernst and Martelotti [34]); (3) shea locdization (Redht
[35], Shaw [36], Komandui [37], Molinari et a. [38], Davies and Burns [39]); (4) periodic
fracdure (Shaw and Vyas [40]); and segmental (Rice [26], Komandui and Brown [41]).
More recently, numerical studies have become a powerful new tod for understanding
maaining and have developed from fairly basic finite-element simulations (Strenkowski and
Athavale [42] Childg[12]) into more sophisticated commercially avail able simulation codes
that have drawn from ideas in armor penetration poblems (Marusich and Ortiz [43]) and
forming (Cerretti et al. [44]). Other models &k to trea the force problem separately and rely



on empiricd measurements of the specific autting energy [45-48]. Still others ®ek to tred the
thermal problem separatel y[49-53].

Models aimed at describing the vibratory motions of the madhine-tod structure have
developed in parallel to models of stealy-state chip formation, which assume arigid tod.
These models utilize idess from models of chip formation to develop approximate
expressons for the aitting forces that result in such phenomena a: (1) driven vibration; (2)
mode-couging; (3) stick-dlip oscill ation; and (4) regeneration. However, vibration models
generally rely heavily on empirical determination d cutting force wefficients that provide a
fairly crude representation d the chip formation process Most of these models have focused
on the phenomenon d regenerative datter, which is arguably the most detrimental type of
maadine tod vibration. Arnold [54] first suggested regeneration d waves on the workpiece
as a potential cause of chatter, bu did na fully recmgnize its importance Tobias and
Fishwick [55], Tlusty and Polacek [56,57 and Merrit placed the problem in a more
mathematicd framework and suggested that stability information could be compadly
represented in the form of stability charts. Following these pioneering efforts, there have
been many efforts to understand regenerative stabili ty in machining operations based onthe
theory of delay-differential equations. Notable experimental and anayticd efforts include
Tobias [58], Hanna and Tobias [59], Tlusty [60], Stepan [61], Shridar et a. [62,63], Minis
and Yanushevsky [64], and Altintas and Budak [65]). Other efforts have focused on more
subtle aspeds of the chatter problem including: (1) processdamping (Tlusty [60Q]); (2) time-
varying termsin milling (Shridar et al. [62,63, Minis and Y anushevsky [64] and Altintas and
Budak [65]); and (3) norlineaity in turning (Nayfeh et al. [66], Pratt et a. [67], Johrson and
Moon [68], Kamar-Nagy et a. [69] and Gilsinn et al. [70]) and milling (Hanna and Tobias
[59], Zhao et a. [71]). While turning and milli ng problems have provided the major focus for
studies of regenerative phenomena, some dforts have focused onchatter phenomenain ather
madhining operations such as drilling and reaming [72], and the dual delay problem in
cylindrical grinding [73,74,7% and spedficaly high-speed machining [76,77. Lessresearch
has been focused on \vbrations that do nd develop as a result of regeneration. Notably the
phenomenon d tod whirl or mode cuping has been examined by Tlusty [60] and the
phenomenon d stick-dlip oscill ations couded to the formation d segmental chip has been
examined by Komanduri and Brown [37]. This paper shows experimental results that suggest
supercriticd instability in this problem. Grabec [78,79 has treaed this problem from the
perspedive of nonlinea dynamics $howing that complex unstable motions may occur when
the autting forces are anoriinea function d cutting spead and more recently utili zed ideas
from nonlinea dynamicsto device datter detedion methods [80].

The wide range of models, resulting from differing levels of empiricism, makes it extremely
difficult to compare the results of different models. Thisis often daunting to those who most
need to use the modelsin practice This stuationis probably commonto ather manufaduring
operations that invalve the interaction d diverse physica phenomena. Criticd aspects of the
high-speed madcining problem that have not been addressed adequately are: (1) tod wea and
its dependence on the materia flow in dfficult-to-macine materias, (2) transient
regenerative vibrations that result from continuowsly varying cutting parameters as
encourtered in contour-machining operations; (3) the dfed of the intermittent cut in milling
on stability [81] and tod wea rates; (4) medanics-based models for nortcontinuows chip
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formation; (5) the modeling and design of modern machine-tod structures, aduators and
drive systems.

The Dynamics of High-speed M achining

Like dl madine-tods, high-speed machines must accurately positiona aitting todl relative to
aworkpiece, often following a mmplex path that may require up to six independent actuator
motions to produwce  Typicaly, the tools or workpiece are ai-symmetric and thus one
aduator is the machine spindle which produces rotation d the tod or workpiece dou an axis
that is arbitrarily positioned in spaceby the adions of the other five actuators.
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Figure 2: Variation in mean segment spadng as afunction d cutting speed.

For high-speed madiining, each o the aduators must be cagable of producing large
forces/torques at elevated speeds (and therefore high paver output) without compromising the
acaracy of the motions. The spinde typically generates most of the power needed to remove
material. The accuracy of the finished product is therefore dependent on a number of fadors:
(1) the accuracy of the motions produced by the machine tod during operation; (2) the nature
of the plastic flow generated at the tod chip interface (3) the effect of the aitting operation
on the motions of the machine and workpiece; and (4) the various ancill ary functions sich as
coodant flow and removal of chips from the workzone. At high-speeds many of the
phenomena asciated with macdining change dharader. For example regenerative datter
bemmes o important that productive high-speed machining is difficult withou at least an
intuitive understanding of its behavior. Below we discussead of the apeds of high-speed
madining, focusing spedficdly on areas where improved urderstanding of the dynamics
would likely lead to more rapid progress

Tool-chip Interface

The dip formation processin madining involves a very high-strain-rate, high-temperature
norlinea plastic flow of material. This plastic flow generates the locd stresses on the autting
todl, the temperature distribution at the tod chip-interface, and determines the condtion o
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the workpiece material after the chip has been removed. Theselocd quantiti es determine the
global forces on the madiine-tod structure, which in turn result in its dynamic and static
deformations. Furthermore they determine the rates of various physical phenomena that drive
tod wea, such as chemical readions, abrasive wear, and dffusion. They also determine the
power that must be generated to effed the removal of material and thus influence the anount
of heaing produced by the various driving comporents of the system. This heding resultsin
thermally induced strains in the structure that compromise aceiracy. Thus, in order to predict
adequately the behavior of a madining system on a global level, accurate information about
the plastic flow in the immediate vicinity of thetod iscriticd. It isthe opinion d the aithors
that these flows canna be treated as quasistatic. Their behavior must ultimately be described
in the cntext of the stabili ty of dynamic systems.

It has been demonstrated through careful observation that this plastic flow can exhibit at least
five distinct dynamic flow patterns that are manifested in the following chip forms: (1)
discontinuots; (2) continuous; (3) continuows with bult-up edge; (4) shear locdized; and (5)
segmental (continuows with periodic variation in thicknesg. A unified approach to the
problem would describe each type of chip formation as a stable dynamic equili brium of the
partial differential equations describing the dastic-plastic flow. For high-speed madining the
two types of chip formation that are of the most importance are @ntinuows and shea
locdized. In high-spead machining of a majority of materials a transition from continuots
to shea locdized chip formation will occur at some aiticd speed [35]. Figure 2 shows the
trangition from stealy state to shear-banded (oscill atory) flow in hardened steel at a aitting
speal between 1.0m/s and 1.5m/s. We have demonstrated through simplified models that
this transition is the result of a Hopf bifurcation in the dynamic system describing the
norlinea materia flow.

High-speed machining research would benefit from improved models and descriptions of
inhamogeneous chip formation processes including an adequate description d the shea flow
along the rake face of the tod. The dfed of these flows on the dhemicd, diffusive and
medhanical phenomena (such as fatigue) that produce tod wear also need to be aldressed in
order to assssthe dfed of increased cutting speed ontod wea rates. In addition, the dfed
of the material flow on the vibrations of the machine-tod structure has not been dredly
addressed. Komandui and Brown [37] demonstrated the couging of machine-tod vibrations
and segmented chip formation which they attributed to stick slip oscill ation. However, to ou
knowledge, the muping between oscill atory material flow and the madine tod-structure has
not been adequately modeled. At the 1% CIRP Internationd Workshop onModding o
Machining Operations [1], it was siggested that one possble ntribution d finite-element
models would be the generation d force databases for chatter analysis and simulations.
Verification d the validity of these models aso requires improved measurements of the
stresses, temperatures, strain-rates and strains that develop in macining.

Machine-tool Structure & Control System

A number of recent modificationsto the design of machine toos may have asubstantial eff ect
os the development of high-speed madining systems and onthe dynamics and onthe ease of
modeli ng these systems.

12



Traditional madining systems have consisted o serially-coupled, stadked comporents, each
cgoable of linea or rotary motion with ore degree-of-freedom. Typicdly linea axes have
been driven by rotary actuators couged by high-force-gain lead-screws, ball -screws and rack-
and-pinion dives. Reseach onthe design of such drive systems has enabled their use in
high-speed madining centers, producing feed rates of upto 1 m/swith accéerationsof 1 g.

Figure 3: Two examples of parall e machine-tod

For asmall work volume, the accderation d the machine tod axes is more important than the
maximum speed in determining the ultimate time it takes to manufadure a @mponent. To
addressthis isale, some macine-tod manufadurers have begun to explore linear motors as
an adternative drive system for high-speed machines. These systems are cgable of more than
twice the maximum speeads and aacelerations of medhanicd drives. However, they aso have
anumber of disadvantages: (1) low force anplification fadors make them more sensitive to
cutting forces and changes in the inertia of the macdine-tod structure that may occur as axis
orientations change and workpiece massis added or removed; (2) because they require strong
permanent magnets, ferrous machining chips may collect on the motor housings; (3) they
generate a large amournt of hed, thereby making a substantial (and often daminant)
contribution to the thermal errors of the system. However, improvements in aacel erations and
spedls are so attractive that they motivate manufadures to attempt to find solutions to these
problems rather than abandonthe techndogy.

Another innowetive design idea for high-speed machines is the development of paralel
architedure machine-tod structures. From the perspective of high-speed madining, the
development of the new madhines addresses a mgjor disadvantage of serial construction: the
necessty for some aes to cary the alditional mass with cther axes and their actuators.
Parall el macdhines are made possble by the development of powerful CNC controll ers able to
acourt for geometric complexity in the controll er software. These systems can use traditi onal
ball screw drives or linear motor systems as aduators. Two examples are shown in Figure 3.
It has been claimed that this type of macine can be stiffer, have lower mass and hgher
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acelerations, and be more acarate than conventional designs [82,83. However, these
advantages have not yet been redized in pradice due to a number of disadvantages including:
(1) parasitic bending of the struts due to imperfed joints; (2) magnification o thermally
induced errors due to strut length; (3) difficulty in oltaining direct pasition feedback aong
the struts and in determining the locations of the axes of rotation for each joint; (4) variation
in system kinematics, statics, and dynamics within the work volume. In addition, Tlusty [84]
has recently argued that many of the advantages of these parallel machines may be overstated
and are not pradicaly redizable. Despite these formidable dallenges, much work on
paralel macdines continues with the final verdict on comparison with conventional
construction as yet unknovn. Certainly, the new designs are cmpeting with years (perhaps
centuries) of experience using conventional constructions, and therefore, prediction d ther
ultimate performanceis difficult.

Design innovations associated with high-speed madiines have a substantial effed on the
ability of engineers to model their dynamic performance. Such dynamic models are now of
gred pradicd importance, sincethe feed motions of high-speed machines canna be modeled
as quasi-static, and system vibrations, particularly as pertaining to regenerative catter, are of
tremendouws importance. This has led madiine-too manufacturers to begin addressng: (1) the
repeaability of machine-tod dynamics from macdine to machine; (2) the development of
dynamic models of madine-tods that may be marketed and sold for use in tuning for
regenerative dhatter. These aoncerns bring out a number of fundamental dynamics isaues that
include: (1) modeling of multi-body dynamic systems with pdentially norlinear medhanicd
conredions; (2) control of multi-body norlinear systems with unpecedented speed and
acaracy; (3) measurement of system dynamics in the presence of closely spaced, well-
damped modes; (4) couding of macdine-tod dynamic models to acairate regenerative datter
models and pediction d performance in red-time. For regenerative datter, only the
dynamic resporse & the tod-tip is needed. Therefore, methods such as receptance @uping
can be used to determine the necessary dynamic behavior, if the system comporents are
approximately linea [85]. In receptance couping, frequency response measurements of the
individual comporents of an aseembly (i.e. spinde, tod halder, and toadl) are combined to
predict the todl-point dynamic resporse. Rather than requiring a separate measurement for
eat spindle/hdder/tod combination, any assembly can be predicted from the component
data and information abou the dynamic characteristics of the @wnnedions. In high-speed
madhining where toadl-tuning [8-10] will li kely become a necessary pradice, this type of
comporent analysis is particularly useful for predicting the effects of changes in todl
geometry on the toadl-tip resporse behavior. For control systems and particularly for design
thisisnat the cae. The problem of nonlinearitiesin medanicd cougdingsisan dd ore but is
particularly relevant to macdhine-tod systems. In this resped linear motors are generaly
more eaily modeled giving them an additional advantage over mechanical drive systems.
This emphasizes a genera concept that has not received much attention in the machine tool
community: designfor (dynamic) “ modelability” .

Stability

In the opinion d the aithors, traditional regenerative datter stability theory is adequate for
providing a pradically usable daracterization d the stability of most smple autting
operations that can be gpproximated with an orthogoral cut. The primary limitations of these
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models do nd lie in the basic regenerative model, bu rather in the alequate (linea and
nonlinea) characterization d the aitting process (e.g. the force dependence on the state
variables) and the madine-tod structure dynamics. These isaues are aldressd in the
sedions above. Where anayticd regenerative datter theory fails to provide acaorate
prediction d the system stabili ty isin: (1) highly interrupted cutting; (2) cutting with complex
tod geometry; and (3) contour macdiining where the system parameters change rapidly with
time. Thesewill now be discussed nmore detail .

Low Immersion Machining

Traditional regenerative stabili ty theory predicts sts of spinde speeds that are most resistant
to the development of chatter. Considering regeneration alone, these spindle speeds (tooth
engagement frequencies in milling) are gproximately at integer fradions of the natural
frequencies of the most flexible modes of the madchine-tod structural loop. However, for
highly interrupted madining processes, where the ratio of time spent cutting to nd cutting
(p) is small, the sssumptions of the traditional theory break dowvn. We have propcsed a new
stabili ty theory for interrupted machining that predicts a douling in the number of optimally
stable spedls as the value of p is reduced. This will be discussed in more detail in the
technicd sesgons of the workshop.

Contour Machining with Complex Tod Geometry

Many high-speed machining operations invalve the production d contoured surfaces using
bal end mills. To generate the necessary fine surface finish, these operations involve
numerous light cuts made & very high speeds. The machining parameters vary continuously
during each cut. The effect of complex tood geometry and rapid changes in machining
parameters on the process $ability has only been addressed by complex numericd
simulations. Accurate analyticad predictions would be etremely helpful in designing
maaining operations for contoured surfaces.

Concluding Remarks

The benefits of high-speed machining are driving rapid changes in the macdining technology
that is available for shop floor use. However, these rapid changes have quickly rendered
much of the empirical knowledge that has been bult up abou madhining over the past
century invalid, dadng stresson the producers and end users of this techndogy to generate
new data gpropriate for high-speed machining. The processof generating empirical datais
extremely expensive, and many indwstrial designers and wsers are onsidering the use of
simulations tedindogy to augment the data generation process Dynamics research can aid
this development in the foll owing areas:
» anaysis of the material flow dynamics, particularly the éfed of cutting speeds on the
stressand temperature cndtions at the tod-chip interface
e multi-body dynamical andysis of the machine-tod structure including the dynamicd
properties of interfaces between components;
» research onthe design of madiine-tod structures for dynamic repeatahilit y;
» anaysisof the dynamics of parallel machine-tod structures;
* dynamic modeling and control of high-speed axis drive systents;
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» development of approximate analytical solutions for the stability of complex contour
machining and nori nea models of interrupted machining .

Each o these aeas will be discussed in the presentation.
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