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1 Introduction character of the resulting machined surface. For example, the tool

Emerging miniaturization technologies are potentially key tec%eometry, viz., edge radius, is comparable in size to the cutting

nologies of the future that will bring about completely differen
ways people and machines interact with the physical world. T
miniaturization of devices is today demanding the production?

eometry, viz., chipload, owing to the current status of economic
icrotool manufacturing methods. As a result, the effective rake
gle becomes highly negatiyé&2,13, which, in turn, causes
oughing and associated elastic-plastic deformation of the work-
ce material to become much more dominant factors in the pro-
ess. In fact, if the chipload is of the same order or less than the
0L, ge radius of the tool, then a chip may not be formed during each
oth passing. This phenomenon, known as the minimum chip
ickness effec{14—-17, has a profound impact on the cutting
rces, process stability, and resulting surface finish in microscale

mechanical components with manufactured features in the ra
of a few to a few hundred microns in fields that include optic
electronics, medicine, biotechnology, communications, and avi
ics, to name a few. Specific applications include microscale f
cells, fluidic microchemical reactors requiring microscale pumpg,
valves and mixing devices, microfluidic systems, microholes f%

fiber optics, _micronozzles for high-temperature jets, micr°m°|dﬁ1achining. In processes such as endmilling, where the chipload
deep X-ray lithography masks, and many mfre 11]. Some ex- \a1ies during a single engagement of a tooth in the cut, the cutting

amples of micromachined features and parts are shown in Fig. chanism may change from ploughing-dominated to shearing-

These applications require very tight tolerances, and both fungsminated and back to ploughing-dominated again within a single

tional and structural requirements demand the use of various &3t ,rsjon of a tooth through the cut. Furthermore, owing to the
gineering materials, including stainless steel, titanium, brass, sry small chiploads in micromachining, the well-known size ef-

minum, platinum, iridium, plastics, ceramics, and composites. fect plays a significant role.

While an enormous amount of manufacturing process develop-, microscale machining the relationship of the cut geometry to
ment, e.g., wet etching, plasma etching, LIGA, etc., has takgfs workpiece microstructure is also markedly different from mac-
place in the last two to three decades as a result of the explosig@cale machining. In microscale machining, where chiploads
of activities in microelectromechanical systefldEMS), such 4y range from submicron levels to a few microns and depths of
development suffers from several limitations that encumber theg may be in the range of a few microns to perhaps 200 the

use of these methods to address the aforementioned needsgijigeometry and the grain sizes of the workpiece material are
particular, MEMS-based methods are directed toward silicon agy comparable in size. As a result when cutting ferrous materi-

siliconlike materials and are basically plangs processes. Fur- als, for example, the cutter engagement may be completely in
thermore, relative accuracié®lerance-to-feature sizare of the ferrite, then pearlite, thereby significantly altering the cutting
order of 10! to 10°2, whereas the needs of many emergin echanisms and associated process response, e.g., forces and sur-
miniaturization applications require relative accuracies in tH&Ce roughness. Ifil8], the authors noted significant frequency
1023 to 10°5 range in a wide range of materials for parts thatontent in the experimental cutting force signal at wavelengths

have true three-dimensioné8D) free-form surface features. Pro-€du@l 0 the average grain size of the material being cut. Micro-

cesses such as machining can, in principle, meet these needs SHictural effects in microscale cutting are requiring quite different

there are a number of scientific and technological challenges tReUMPtions to be made concerning underlying material behavior
must be overcome if machining processes and equipment ar tging micromachining and have precipitated the need for new
emerge that can respond in a technically sound, economic, a{ﬁardellng_approache_s to account for such effects.

reliable fashion. he objective of this paper is to provide a review of some of the

There are a number of issues that prevail in microscale machlRore significant contributions to the literature that are now pro-

ing that are fundamentally different from macroscale machinin;%Ing a fundamental understanding of the mechanisms that pre-

and influence the underlying mechanisms of the process, result I In the Worlo_l Ofl n(;lcroscale rlnachlnlng. While, '2 gene:zall, ma- |
in changes in the chip-formation process, cutting forces, vib{E-. nlrr:g m,"\"/ly 'hf?C_“ EDE/IeveErla proli;essesl, Msu%_ .as CMectrlca
tions and process stability, and the generation and subseq arge Machining ), Electrochemical MachiningECM),

and laser machining, this paper focuses only on cutting processes.
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Fig. 1 (@) Micromilled trenches with stepped walls [8], (b) neurovascular device component, and  (c)
microgear

in this area. Some of the work reported here finds its origins olominated cutting process to a ploughing-dominated process by
ultraprecision machining studies, but the majority of the worktudying the angle of the resultant cutting forces in orthogonal
discussed is focused on the emerging field of microscale machauiting. By using a diamond tool with a measured edge radius of
ing. This review begins with a discussion of experimental studiegproximately 200 nm, they found that at uncut chip thickness
that have provided base-line data and a clearer picture of tha&lues less than the edge radius, the force per unit width in the
mechanisms that dominate in micromachining. The paper th#must direction increases more rapidly than the force per unit
discusses a number of recent modeling and simulation efforts thdtith in the cutting direction. As the chip thickness decreases, the
both extend our understanding and provide more tractable waysiieasured resultant force vector was found to be closer to the
characterize and assess micromachining performance at this $imest direction than the cutting direction. The tool edge condition
scale. These include recent efforts using molecular dynamigeol weay was found to have a significant effect on the thrust
simulation, microstructure-level finite element analysis, anfdrces when the depth of cut was below the tool edge radius as
mechanistic process modeling methods. Some aspects of shewn in Fig. 3.
newly emerging field of multiscale modeling are also discussed. Taminiau and Dautzenbel@2] also witnessed an increase in
cutting energy while machining brass with decreased chip thick-
2 Experimental Studies ness. Both rough cutting, using conventional tools with edge radii

In this section, a number of experimental studies are reviewefYing between 50 and 2Q6m, and high-precision cutting, us-
Specific areas of focus include the size effect in micromachinirﬂ@dg a ground diamond tool with an edge radius of A%, were
and its impact on cutting forces, chip formation and morpholog§ rried out. The authors discovered that the specific cutting forces
and surface generation; the influence of built-up edge formatiGgPended only on the ratio of the uncut chip thickness to the
and elastic-plastic deformation while machining at this size-scafg4tting edge radius when the uncut chip thickness was smaller
and microstructure influences on machining performance at N the edge radius. Based on the measured specific cutting en-
microscale. Some of the relevant work cited finds its origins in tH9Y, the yield shear stress of the workpiece material was esti-

study of ultraprecision machining. mated. The value of the yield shear stress in high-precision cutting
was found to be almost twice as high as the value in conventional
2.1 Size Effect rough cutting for the same workpiece material. The authors attrib-

uted the difference to the presence of a higher strain rate in high-

Cutting Force/Specific Cutting EnergyLucca et al.[19] ex- gégcision cutting.

perimentally determined that the shearing process could not
count for all of the observed energy when machining OFHC cop- Minimum Chip Thickness.lkawa et al.[23,24] discussed the
per at small values of depth of cut. They showed that thsignificance of the minimum thickness of a cut, which is defined
ploughing and elastic recovery of the workpiece along the flards the minimum undeformed thickness of the chip removed from
face of the tool play a significant role when machining with chip work surface at a cutting edge under perfect performance of the
thickness values approaching the edge radii of the cutting insertsetal-cutting systenino system deflectionA very fine chip with
They noticed that the specific cutting energy required to machine
at very low chip-thickness values could not be explained by the
energy required for shearing and for overcoming friction on the
rake face of the tool. The significance of ploughing under thes
conditions was used to explain the increase in the cutting ener¢

Later, Lucca and Se$20] performed another experimental
study of the effect of single-crystal diamond tool edge geometr
(rake angle, tool edge radijuen the resulting cutting and thrust
forces and specific energy in ultraprecision orthogonal flycuttin
on TECU®. Both the nominal rake angle and the tool edge profil
were found to have significant effects on the resulting forces ar
energy dissipated over a range of uncut chip thicknesses from
pm to 10 nm. When the uncut chip thickness approaches the si
of the edge radius, the effective rake angle appears to determi
the resulting forces. This is predominantly shown by the study ¢
the direction of the resultant force vector with respect to the unci T T T T
chip thickness as shown in Fig. 2. At small uncut chip thicknesse 0.001 0.01 0.1 1 10 100
the effective rather than the nominal rake angle dictates the dire Uncut Chip Thickness, t; (Lm)
tion of the resultant force.

Lucca et al[21] performed diamond turning tests with ductilerig. 2 Direction of resultant force vector for new and worn
Al 6061-T6. They investigated the transition from a shearingeols with the same overall tool geometry ~ [20]
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nal flycutting of Al 6061-T6 [21] Fig. 5 Measured surface profile [17]

an undeformed t.hickness on the orQer of a nanometer, as Show?oipmicromachining was estimated to be 0.23F], which was
Fig. 4, was obtained from face turning of electroplated copper by,,ch |arger than that of nanometric cutting with a much sharper
a well-defined diamond tool with an edge radius of around 10 Ny yy0nd tookaround 1/1G23]). Figure 6 depicts the formation of
The minimum chip thickness was found to be more strongly afne sawtoothlike surface profile considering the minimum chip
fected by the sharpness of the cutting edge than by tool-wogickness effect. The authors also noticed that the softer material
interaction. The authors noted that the minimum thlckness of Céirate(tempered at higher temperaturesused increased surface
might be on the order of 1/10 of the cutting edge radius. 5 ghness. In the ploughing-dominated micromachining process,

The minimum chip thickness effect was also observed in thge “increased surface roughness is due to increased ploughing,
micromilling process. Weule et &l17] were the first to point out \yhich is decisively influenced by the minimum chip thickness of
the existence of the minimum chip thickness and its significafe material. Therefore, the authors claimed that the minimum
influence on the achievable surface roughness in micrepiy thickness was strongly dependent on material properties and
endmilling. The cutting experiments were carried out using t00l§,ggested that future efforts should be made to understand the
of ultrafine tungsten carbide with an edge radius of aroundd jyierrelationship between the minimum chip thickness and mate-
on SAE 1045 steel tempered at different temperatures. The topggy properties.
raphy of the machined surfgce was measurgd with a laser-basegim et al. [14] performed an experimental study to prove the
topography measuring device. A sawtoothlike profile was oRyistence of the minimum chip thickness in micromilling. Full slot
served as shpwn in Fig. 5. The authors hypothe5|zed that the Mifltting was performed on brass using 685 micro-endmills
mum chip thickness effect was responsible for the sawtoothlik@, feedrates from 0.188 to sm/flute. The collected chips were
surface profile. The minimum chip thickness to edge radius ratig s mined using a scanning electron microso@®eM). The SEM
pictures were used to estimate the length, width, and thickness of
the chips. The chip volumes were then estimated using the trap-
ezoidal numerical integration formula and compared with the
nominal chip volume for different feedrates. It was found that for
very small feedrates, the measured chip volume is much larger
than the nominal chip volume, indicating that a chip is not formed
with each pass of the cutting tooth. Further evidence that a chip is
not formed with each tooth pass is obtained by examining the
distance between the feed marks on the machined surface. For a
small feed per tooth, the distance between feed marks was found
to be much larger than the feed per tooth, which also indicates that
chips do not form with each pass of the tool.

Vogler et al.[18] experimentally studied the effects of mini-
mum chip thickness on the cutting forces in micromilling. The
frequency spectrum of the force was found to contain a compo-
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Fig. 6 Theoretical surface profile considering the minimum
Fig. 4 Chips generated at an uncut chip thickness of 1 nm [23]  chip thickness effect [17]

668 / Vol. 126, NOVEMBER 2004 Transactions of the ASME



Y Force feedmarks as the feed rate is increased and the minimum chip
Three 1ooth T T thickness effect resulting in tool passes that do not remove any
passes material as the feed rate is reduced.

Damazo et al[26] provided a summary of some of the features
that were machined by using endmills with a diameter of 260
They reported that burr formation was a major limitation on the
minimum wall size that could be machined. The workpiece mate-

. rials used included aluminum, brass, cast iron, copper, mild steel,
1 3 3 4 5 and stainless steel. A 254m thick wall with a 305um height
Revolutions was successfully machined.

In Lee and Dornfeld27], experimental studies on microburr
formation in milling aluminum 6061-T6 and copper 110 have
1.3 kHz ’ been carried out. A range of different chiploads and depths of cut,
using 127, 254, and 63bm tool diameters, were considered. The
burr sizes were qualitatively measured using SEM. Different burr
formation types in micromilling and conventional milling were
discussed. Flag-type, rollover-type, wavy-type, and ragged-type
burrs were observed in micromilling aluminum and copper. The
rollover-type burr on tool entrance and flag-type burr on tool exit,
as shown in Fig. 9, were found to be proportionally bigger than in
Fig. 7 Experimental Y force (normal to the feed force ) and the ~ conventional milling processes considering the ratio of burr size
corresponding power spectrum  [14] to chip load. The authors attributed this difference to the low

cutting speed and large edge radius-to-chipload ratio in microm-

illing. At low cutting speeds, bending of the chip is more domi-
nent that is a subharmonid/3 for the studied cutting conditiopn nant than fracture. As the cutting edge exits from the workpiece,
of the tooth passing frequency at a feed rate less than the mithie chip rolls over forming a burr. In addition, the large tool edge
mum chip thickness as shown in Fig. 7. This subharmonic freadius-to-chipload ratio causes rubbing and compression instead
guency component was reflected in the time domain as a repeadédutting and generates more burrs. The authors also noted that
pattern evenn (n=3 for the studied cagaooth passes. Becauseup-milling produced smaller top burrs than down-milling. As the
of the minimum chip thickness effect, when machining at smatlepth of cut and feed rate increased within the studied range, the
feedrates, the chip thickness accumulates and the force incrednas size was found to increase.
with each tool pass fon tooth passes until the chip thickness is
greater than the minimum chip thickness.

_
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Other Issues: Cutting Temperature, Tool Life, Subsurface Dam-
age, Ductile Mode Machining. The cutting temperature in dia-
Surface Generation and Burr FormationSurface generation mond turning was studied by Iwata et §28]. Due to the low
in the micro-endmilling process was studied by Vogler ef28)].  cutting energy as well as the high thermal conductivity of both
The surface roughness of the bottom surface of the slot was m@amond and work materials, such as aluminum and copper, the
sured using a Wyko optical profiler. The surface roughness wastting temperature is quite low in comparison to conventional
found to be strongly affected by the tool edge radius. Figure &tting. However, a small temperature rise in the tool may cause
shows that the surface roughness generated by 8dge radius an expansion of the tool shank and, in turn, deterioration in ma-
tool is much larger than that generated by ard edge radius tool chining accuracy29].
and the machined surface roughness was found to be significantlyransel and coworke80,31] have studied the effect of wear in
affected by the feed rate. The authors observed that for the2 the micromilling process. They have found that, unlike at conven-
edge radius, as the feedrate was reduced to a certain value, f§ga sizes, the tool does not gradually wear until it causes unde-
surface roughness started to increase, indicating that an optirgghple surface effects, but rather the tool breaks quickly as it
feedrate exists that will produce the smallest surface roughness.omes worn. The fracture of the micro-endmills is due to in-
value. The authors claimed that the existence of the optimal fe§aased cutting forces with the dulling of the cutting edges caus-
drate was due to the tradeoff between the traditional effect ﬁ’fg the stresses to exceed the strength of the small diameter
endmills.
In ultraprecision machining, the highly negative effective rake

DB i " & angle and pronounced ploughing cause significant subsurface
0.15 damage[24]. Lucca et al.[32] experimentally investigated the
depth of the plastically deformed lay&ubsurface damagat the
014 workpiece surface in orthogonal ultraprecision machining of both
TECU® and fine grain Cu over the range of uncut chip thick-
0.13f nesses of 0.01-1am. Two tools with the same nominal geom-
T etry but with differing edge geometries were used. Tool edge ge-
S 042 ometries were characterized by atomic force microscopy, taking
B into account the AFM cantilever tip radius. The depth of the plas-
019 tically deformed layer appeared unaffected by the uncut chip
- thickness but strongly affected by the tool edge radius.
: Many researchers have investigated the ductile regime machin-
008 " B e ing of silicon and germanium. Below a critical chip thickness, it
N e ¥ s was found that plastic deformation rather than brittle fracture of
0,08, - ‘ ‘ 2 . the crystals occurs. It was found that this critical chip thickness
L e bt e e BT = ¥ increases with more negative rake andl@3,34. Ichida[35] has
determined that increasing the cutting velocity increased the criti-
Fig. 8 Effect of tool edge radius on surface roughness for cal chip thickness for ductile machining of silicon. Kaiji et [@6]
pearlite [25] noticed that the most common way of detecting the presence of
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Fig. 9 Burr formation in micromilling: (a) flag-type burr on tool exit and  (b) rollover-type burr
on tool entrance [27]

brittle fracture—visual inspection of the freshly cut surface—may Built-up Edge Formation. Many investigators, including Al-
not be sufficient because internal cracks develop in the subsurféicecht[38] and Manjunathaiah and Endrg9], assumed the ex-
before cracks appear at the surface. istence of a stagnation point on the cutting edge radius where the
Arefin et al.[37] carried out a study to investigate the effect ofvorkpiece material’s tangential velocity vanishes. Other research-
cutting conditions and tool edge radii for nanoscale ductile modas[40,41] believed that there exists a stable build-up, also known
cutting of silicon wafers using single-crystal diamond tools witlas dead metal cap, adhering to the tool, which is stationary while
edge radii ranging from 23 nm to 807 nm. The machined surfactt® process attains steady state. Waldorf ef4d] made a com-
were examined under SEM. The authors pointed out that two cqsarison to determine which view of the material flow in the vicin-
ditions must be satisfied for ductile mode cutting of silicon waity of the cutting edge is more appropriate in explaining the
fers: the diamond tool edge radius should be smaller than an uppisughing force when machining Aluminum 6061-T6. They found
bound(experimentally found to be around 807 hand the unde- out that the model with the assumption of a stable build-up
formed chip thickness should be less than the cutting edge radiggatched the experimental results much better than the model
Figure 10 shows SEM photographs of the machined surface fgithout stable build-up. Kountanya and Endfds] performed a
different maximum undeformed chip thickness and tool edge raigh magnification visual study of micro-orthogonal cutting while
dius values. The figure shows only one situation that leads ¢ging a blunt tool. They observed the formation of a stable
ductile mode machining. build-up when machining cartridge brass as shown in Figb)17
2.2 Built-up Edge/Elastic-Plastic Deformation. In micro- They also observed that the stable build-up was not formed when
@_achlnlng zinc.

machining, the size effect and the minimum chip thickness ph .
nomenon cause ploughing, and, therefore, the associated mate j#yeule ot e_1|[17] conducted fly cutting on SAE 1.045 steel under
erent cutting speeds. They examined the cutting tool edge after

flow pattern and elastic-plastic deformation along the rounded cut-

ting edge plays a dominant role in machining performance. Ther‘ne‘i‘ch test aF‘d found that stable build-up_V\_/as formed at lO.W cutting
fore, it is useful to examine the relevant research that has exapR€eds, which generated poor surface finish. These studies suggest

ined how the material deforms in the vicinity of the cutting edg ,haLthhe preslfn_ce or abse_n?:e of ahstable_ build-up_ ?S determine_rd”by
e.g., built-up edge formation and the nature and extent of elastf2th the workpiece material and the cutting conditions, especially
plastic deformation. the cutting speed, which strongly affects the frictional conditions

between the workpiece and cutting edge by changing the cutting
temperature, strain, and strain rate.

Elastic-Plastic Deformation. Due to the minimum chip thick-
ness effect, the micromachining process is affected by two
mechanisms—chip removal and ploughing/rubbing. The extent of
ploughing/rubbing and the nature of microdeformation during
ploughing/rubbing contributes significantly to burr format{@7]
and the corresponding increase in surface roughr&sgsin order
to accurately model the micromachining process, it is important to
develop methodologies to quantify the elastic-plastic deformation
of workpiece material. Scratch testing has been shown to be an
effective tool to assess the elastic-plastic deformation of materials.
Since the scratching process resembles the micromachining pro-
cess in that the workpiece material experiences normal pressure
and lateral relative motion in both processes, a brief review of
scratch testing is helpful in gaining a better understanding of the
elastic-plastic deformation in micromachining processes.

Jardret et al[45] performed instrumented scratch testing on a
wide range of materials, from polymers to metals, to understand
and characterize the elastic-plastic deformation of materials dur-
ing scratching. All the experiments were conducted with a Berk-
Fig. 10 SEM photographs of machined silicon wafer surfaces ovich indenter. The 3D residual scratch morphology was mea-
for different maximum undeformed chip thickness (dmax) and  sured using a 3D SURFASCAN topometer. It was observed that
tool edge radius values [37] the common residual scratch morphology exhibits a groove with

717 nm

807 nm

duex = 607 nm

dmgr= 150 nm
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Fig. 11 Cross section profile of scratch groove [44]

two pile-up pads formed by the plastic flow around the indente  2-
The proportions of the elastic recovery and plastic deformatio
were computed based on the residual scratch morphology. T
authors revealed that the proportion of the plastic deformatic 0
increases with the Young’'s modulgg) over the hardnesgH) 0 2
ratio E/H for both polymers and metals.

Taniyama et al[44] also conducted a scratch test on JIS S25C o .
steel with a diamond triangular pyramid indenter under a fie@g' 12 The effects of the crystallographic orientation and the
emission scanning electron microscq@p&-SEM in order to re- epth of cut on the surface roughness  [48]
veal the influence of heterogeneity of the workpiece material in
the micromachining process. The scratch grooves on different

phases were compared. Figure 11 shows the cross section profjlfss of force variations. According to the authors, the surface
of the scratch groove in ferrite and _pearllte. It was clearly Sho"_‘f‘&ughness was substantially influenced by the crystallographic
that the scratch groove on pearlite is smaller than that on fe”'Eﬁ"ientation, but not significantly affected by the depth of cut over

According to the authors, this occurs because pearlite contaig range used in the experiments. Figure 12 shows the effects of

lamellar cementite, which is 10 times harder than ferrite. Theye crystallographic orientation and the depth of cut on surface
also discovered that when scratching pearlite, plastic flow Wg§,qnhness.

concentrated in the lamellar ferrite rather than lamellar cementite. |, order to gain a better understanding of the effects of a mul-

2.3 Microstructure Effects. Since the length scale of the tiphase microstructure on the micromilling process force system,
crystalline grain size of most commonly used engineering mateModler et al.[18] performed a series of full-slot endmilling tests
als, such as steel, aluminum, etc., is between 100 nm angi00 Wlth_ 500 um dlar_n, 2 fluted carblde endm_llls_on bot_h single-phase
and the feature size of micromachined component is of a comgigLrite and pearlite and multiphase ductile iron. Figure 13 shows
rable order, material microstructure effects will play an importarif® €xperimental cutting forces and their frequency spectra when
role in micromachining. In ultraprecision machining, a typical cuth@chining 50% pearlitic ductile iron at a 30,000 rpm spindle
ting depth of a few micrometers is common. With such a smajPeed and Zum/flute feedrate. Besides the energy at the spindle
depth of cut, chip formation takes place inside the individudfeduency(500 H2, the tooth-passing frequen¢g000 H2, and
grains of a polycrystalline material. The effect of the crystalloth€ir harmonics, there is a significant amount of energy of force
graphic orientation on the mechanism of chip formatid6,47, variation concentrated around 12 kHz._ For a cutting velocity of 48
surface generatiof#7,48, and the variation of the cutting forces™/min produced by a 30,000 rpm spindle speed, 12 kHz corre-
[46,47,49,50 were studied. sponds to a wavelength of 65.4n. This value is extremely close

Moriwaki et al.[46] conducted in situ machining experimentd© the average ferrite grain spacing of zn. The cutting force
inside a SEM on single-crystal copper in various cutting directiopP€ctra for machining single-phase ferrite and pearlite do not
at depths of cut ranging from 0.1 tom and a cutting speed of show energy at frequencies above 10 kHz. The presence of the
120 mm/min. They found that the crystallographic orientation afigh-frequency components in the ductile iron experiments but
fects the chip formation process in terms of the magnitude of the
shear angle and the cutting forces. The shear angle was found to
reach values as high as 60 deg. Ueda and Nwtainvestigated

4 ] ] 10 12
Dapth of Cut (pm)

the effects of crystallographic orientation on cutting performance 300 e Disgotior 300

during diamond cutting oB-brass. They observed a lamella struc- = &0 = 250

ture on the free surface of the chip and reported the formation of E ace = 200

discontinuous chips in a particular range of crystallographic ori- g 200 § 150

entations. They observed shear angle variations from 15 deg to 60 2 zug @ 100

deg with changes in crystallographic orientation. The cutting 400 =

forces and surface roughness values were also observed to depend  &on o 200 400 800 H o 0B 1 1B =2

on material anisotropy. Neormal to Fasd Diraction ' T x10f
To et al.[48] conducted diamond turning of single-crystal alu- 800 400

minum rods with the crystallographic axes norma{160), (110, i A0o E:’-DU

and (111) using a diamond tool wit a 0 deg rake aha 5 deg 3 oo 3

clearance angle. The depth of cut varied from 1 toutf. Con- g 200 = 200

tinuous chip formation was observed under all cutting conditions. 20; g‘mu

They reported that the highest cutting force was produced for the o b

{110 oriented crystals while the lowest for tH&11 oriented o 200 400 600 o ®E 1 15 2,

crystals. They also observed that the best surface finish was ob- Rotslicn Angle [degress]  Fraquengy [Hz]  *'7

tained in machining crystals with tR&00 planes as the cutting
planes, whereas thd10; planes would result in the highest sur-rFig. 13  Experimental cutting forces in micromilling of pearlitic
face roughness due to the highest cutting forces and large magietile iron [18]
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Fig. 15 Schematic of the model used in the MD simulation of
nanometric cutting of single-crystal aluminum [56]

Fig. 14 SEM image of (a) ferrite slot floor, (b) ferritic ductile

iron slot floor, (c) fearltie chips, and (d) ferritic ductile iron ] ] ] ) )

chips [25] method, the newly emerging field of multiscale simulation mod-
eling, and mechanistic process modeling. MD simulation per-
forms analysis at the atomic level based on the atomic interaction

not in the ferrite or pearlite tests is further evidence thdtotential and is best suited for nanometric cutting. The underlying

these high-frequency components are due to the multiphd5€0ry in the finite element modeling of machining is macroscale

microstructure. continuum mechanics. It is capable of predicting cutting forces,

In addition to the cutting force variation, the effect of the mulfemperatures, stresses, strains, etc., with reasonable accuracy. The

tiphase material microstructure on the surface generation procg¥4tiscale simulation aims at bridging different length scales. The

was also investigated by Vogler et f25]. The surface Iroughnessmechamstlc moqlellng approach is directed toyvargl deriving a
values(Ra values for multiphase ductile iron are larger than thafnodel that comblnes.a comprehensive characterlzatlon of the cut-
for the single-phase material over the examined range of cuttitRf and cut geometries to relate the process inputs to outputs,
conditions. The increased surface roughness was attributed toifile allowing complex material behavior to be characterized

terrupted chip formation that occurs as the cutting edge mové$ough an empirical relation between chiploads and cutting

between the multiple phases. This hypothesis was supportedB{ges calibrated with a small number of experiments.

the frequency spectrum of the surface trace. For ferrite and pearl-

ite, the power spectra are relatively flat and much lower in mag-3.1 Molecular Dynamics(MD) Simulation

ni han th ile iron surf ra. For th ile iron . . . . L .
tude than the ductile iron surface spectra. For the ductile iro yjanometric Cutting Simulation. The application of MD simu-

samples, there are significant peak energies in the -SPeCtra-arollétion in machining was initiated by a research group at the
wavelengths of 55 and 6#m for the ferritic and pearlitic ductile rence Livermogrje National Labor);tori ¢ELNL ) ingtheplate

irons, respectively. These wavelengths are near the average p 0s[51]. MD simulation was used to study the namometric

spacing in the ductile iron specimen of 50 and#t and, there- ) . . )
fore, indicate that some phenomena are occurring at the ph&&ing of copper with a diamond togb2]. This work led other
boundaries. resgarchers to explor.e ?nd eﬁ'.[e.nd MD I§|mL.JIat|on of nanometric
; tting to many practical machining applications.
To furth he role of ph he slot fl h - .
o further study the role of phase boundaries, the slot floor Wg[glkawa et al.[53] studied the 2D nanometric cutting of copper

also examined with a SEM, as shown in Fig. 14. For the ferriteith a diamond tool. They investigated the effect of the edge
slot floor imagd Fig. 14a)], the surface appears relatively Smooté;adius and minimum depth of cut on the chip-formation process

with no indication of any grain size effects. However, for th d noticed that when th t chio thick . ler th
ferritic ductile iron[Fig. 14b)], there are clearly some miniature2nd noticéd that when the uncut chip thickness Is smalier than a

“burrs” that have formed at distances that are comparable to tlf]r@ctkiop of t_rllﬁ ed?e ra;jhius, a Chi? gann?t be_sepa;rated ftrr?rtr; ih_e
spacing between grain boundarigghite lines in the figure One workpiece. Therefore, the generated surface 1S not Smooth but 1S

possible explanation for this behavior at the phase boundariejgmically stepwise. Shimada et pil6] conducted a MD simula-
that the chip-formation process is not continuous as the cuttiig" stydy to .det(.ermlne the q|t|mate machlngd S“Fface qqallty that
edge moves from one phase to another. As the cutting edge mo ttainable in _dlamond turning of_copper_wnh a fine cutting edge
between phases, the chip-formation process becomes interru;ﬂg er hypothetically perfect machln_e motion. _Based on the analy-
as the tool exits a phase at the grain boundary and a burr forms&¥’ thi authorsl showhed t_hatlt/ge()) m'nl'r/q%m fthlhckne dss of c du_t canf be
the phase boundary. To obtain some evidence to test this hypdiROUt 1 nm or less, that is, 1/20 to or the edge radius of a
esis, chips were collected and examined with a SEM as shownrﬁ?l'suc fine cutting edge available. The ultimate roughness and
Figure 14. While the fearlite chifi€ig. 14c)] appear continuous, '€ depth of the deformed layer of the work surface were found to
the ferritic ductile iron chipgFig. 14d)] are highly fragmented, 'Mcréase with the increases of the tool edge radius.

indicating the discontinuous/interrupted nature of the chip- <omanduri et al[54-5§ cited a deficiency in the ability to
formation process. model and measure the scale needed to understand the mechanics

of nanometric cutting. To alleviate this problem, they developed a
Modeli di MD model for nanometric cutting. Figure 15 is a schematic of the
3 odeling Studies model used for the MD simulation of nanometric cutting of a
In this section, several key modeling methods for the charactsingle crystal of aluminum to investigate the effect of crystallo-
ization of micromachining phenomena are discussed. These @raphic orientation and direction of cutting. While not performing
clude molecular dynamicéMD) simulation, the finite element any experimentation, they were able to observe three distinct
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(a) Typel (B} Type 1l {2) Type 11

Fig. 16 Three modes of dislocation motion [56]

types (type I, Il and Ill) of dislocation motion when simulating 3.2 Finite Element Method

single-crystal aluminum at different orientatiofsig. 16 Edge Radius Effect. Moriwaki et al. [58] developed a finite
i.  When machining th¢ —1 1 0] direction on thg111) plane, element model of the machining process capable of modeling the
chip formation appears to be due to shear and compressibermomechanical properties of the workpiece during cutting with
ahead of the tool. an edge radiused tool. The model developed was used to analyze
ii. When machining th¢001] direction on theg110 plane, the the stress, strain, material flow, flow of the cutting heat, and tem-
dislocations were generated normal to the cutting directioperature distribution within both the workpiece and the tool in
iii. When machining thg¢ —1 1 0] direction on thg001) plane, orthogonal micro-machining of copper. They showed that the spe-
the dislocations were generated parallel to the cutting direcific cutting and thrust energies increased as the ratio of the tool
tion. Of the three types, the cutting force was the smallestige radius to the depth of cut decreased. The simulation results
for type | and the largest for type Il. of the stress distribution revealed that the affected zone within the
. L . . . . workpiece was expanded as the ratio of the edge radius to the
MD  Simulation in Micromachining. MD simulations were o ny of cut was increased. The predicted cutting temperature was
mainly applied to namometric cuttinge., the depth. of cut ln_the found to increase with an increase in cutting speed. The cutting
nanometer rangeand not in the general range of micromachiningoherature is about 270 K higher than the mean temperature of
H_owever the_ cutting me_cha_nlcs . revealed_ s_hare some S|m|Iar”;ye workpiece when copper is cut at a cutting speed of 4.3 m/s and
with the cutting mechanics in micromachining. [I57], the au- 5 janh of cut of Jum. The temperature gradient in the workpiece

thors compared the material flow obtained from MD simulatioeomes |arger in front of the cutting edge due to the material
with experimental results of micromachining conducted by KouRow relative to the cutting tool

tanya and Endre$43]. A clear correlation between the MD-

simulated material flow and the actual experimental result wasSize Effect. In addition to the edge radius, Dinesh et [&9]
observed. The geometry of the triangular stable build-up and theggested that the strain gradient could also be a major cause of
shear zone predicted by MD simulation are similar to those olhe size effect in micromachining since the strain gradient in ma-
served in the experiments as shown in Fig. 17. Further, the Mibining is very intense. Liu and Melko{&0] presented a strain
simulation and slip-line plasticity model developed by Waldor§radient-based finite element model for orthogonal cutting to pre-
et al.[40] were combined to predict the cutting forces for differentlict the size effect in microcutting. The strain gradient strength-
depth of cut over edge radius ratios. The MD simulated resuksing leads to a higher effective stress in the deformation zones,
were used to extract the geometric parameters, such as shelich, in turn, results in a higher specific cutting energy with
angle, prow angle of the slip-line field. The predicted cuttingecreased chip thickness. The contours of the effective stresses,
forces were normalized and compared to micromachining expepresented in Fig. 18, show that the maximum effective stress is
ment results. There is a strong correlation in the trend of tliegher with strain gradient effects than without. Figure 19 com-
normalized forces, with both data showing the existence of a logadres the predicted specific cutting energy versus the uncut chip
maximum in the thrust force with respect to the uncut chithickness with and without considering strain gradient effects. The
thickness. specific cutting energy predicted by the finite element model with

Shear Plane

{&) M simulation (b)) Experimental

Fig. 17 Material flow near a rounded cutting edge  [57]
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(&) without strabn gradient effect (b with strain gradient effect

Fig. 18 Effective stress contours  [60]

strain gradient effects increases in a nonlinear fashion by nearly3.3 Multiscale Simulation. For the purpose of investigating

40% when the uncut chip thickness decreases from 70 tar20 the differences between the mechanics of nanometric cutting and

The increasing trend of the specific cutting energy, as the undhe mechanics of cutting at the macroscale, Inamura 463l

chip thickness decreases, matches well with the experiment resiritsoduced a method of transformation from an atomic MD model

given in Kopalinsky and Oxley61]. of nanometric cutting to an equivalent continuum FEM model to

. . evaluate the stress and strain distribution in nanometric cutting.
Microstructure-Level Modeling. Chuzhoy et al.[62] devel- rpe regyits showed that the stress/strain distributions during na-

oped a FE model for the orthogonal machining of ductile iron,,metic cutting could not be explained by the theory of plasticity

This is the firs_t machini_ng paper to gxplipitly _model the ve_lrio_uat the macroscale. The length scale of micromachining falls within
phases of the iron—ferrite and pearlite with different constitutiv, nometric cutting and macromachining. The mechanics of mi-

models to account for the heterogeneity of the workpiece materi omachining inherently has the characteristics of both. The me-

ghe mOdell is capa|1b|e of aqmprlljting stre?sf, strain, temdpsratur:e @ nics at different length scales interact strongly to produce the
amage. It can also predict the size of fracture and decohes|gikeed pehavior. For instance, microburr formation at the phase
zones for ductile iron machining. The work shows the potentigly \,qaries may be best described at the nanoscale with MD simu-
for lqaﬁturlng th.? d_amag/e tl)etweenzé)haseds CI:TI thﬁ n?ach|r:j|n?| ion, while the stress and strain distribution within a grain or in

multiphase ductile iron. Vogler et d] | use uznoy's MOde! e farfield of the workpiece may be accurately represented with
to determine the minimum chip thickness values for pearlite a acroscale continuum mechanics via FE modeling. The newly
ferrite, which exphcrgly account for the effects of the material merging field of multiscale simulation which aims at developing

have a larger minimum chip thickness than pearlite. oped a methodology to couple different size scales from con-

tinuum (macroscalgto statistical(atomic scalgto quantum me-
chanics (electron scale by implementing an algorithm that is
capable of handshaking between FEM, MD, and semi-empirical
tight binding. The methodology was successfully applied to study
crack propagation in silicon. Lidorikis et d166] used a hybrid
MD and FEM simulation approach to study stress distributions in
silicon/silicon-nitride nanopixels. The hybrid approach provides

L]
m

L
-
1

s

0]

= '\ an atomistic description near the interface and a continuum de-
E’" ! scription deep into the substrate, increasing the accessible length
& ™ scales and greatly reducing the computational cost. Zhifflgj

D 2 \t‘x ViR stremn gracient presented a study using multiscale simulation to investigate the
E laser ablation phenomenon. The multiscale approach addresses
R \ different processes involved in laser ablation with appropriate
T e resolutions and, at the same time, accounts for the_interrc_alations
= i Gt S TRl between the processes. Whlle to date, ml_JIt_lsca_Ie simulation _has
0 Without strain gradient not been specifically applied to micromachining, it shows consid-

erable promise for dealing with the multiplicity of issues that arise
: . T T over this and neighboring size scales.
ool 002 003 004 005 006 007 008

o

undeformed chip thickness (mm) 3.4 Mechanistic Modeling
Fig. 19 Variation of specific cutting energy with undeformed Microstructure Effect. A mechanistic model for the micro-
chip thickness [60] endmilling process has been developed by Vogler dtld] that
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utilized a mapping technique to represent the microstructure of tt Revolutions Frequancy (kHz)

different phases of multiphase materials in determining the mag-

nitude and variation of the cutting forces. Figure 20 illustrates th&g. 22 Tool vibration histories and frequency spectra for ma-

process of endmilling multiphase ductile iron. The model recoghining pearlite at different feed rate  [71]

nizes at any instant in the cut, exactly what part of the cutting-

edge engagement is in each phase of the multiphase material. The

model is validated by using calibrated specific cutting force coef-

ficients from pearlite and ferrite, the major components of ductigmpute the normal stresses on the edge radius, a work-hardening
iron, to predict the cutting force magnitude and variation in micrqnodel is used to model the workpiece material. Model predictions
endmilling of ductile iron. _ __are compared with the experimental results from Lucca €1.8].

The model was shown to be capable of capturing the high fr¢he RECM is shown to predict the observed trends much more
quency variation of the cutting forces that was observed in expeficcurately than Merchant's sharp edge cutting model.
ments(shown earlier in Fig. 18but can not be explained by the |y order to explicitly account for the cutting edge radius, Vogler
kinematics of the process when micromilling ductile iron. Thet g, [69] extended a previously developed micromilling force
simulation studies show that the frequency of the variation can kéydel[18] by incorporating the minimum chip thickness effect,
attributed to the spacing of the secondary phase and that the mg§+the chip thickness modulation. The cutting forces originating
nitude of the variation is determined by the size of the secondafym two mechanisms—chip removal and ploughing/rubbing—
phase particles. were computed separately using slip-line plasticity and interfer-

Edge Radius Effect. Kim and Kim[68] developed an orthogo- €NC€ volume, respectivgly. The exper.imental observed subhar-
nal cutting force model, which includes the cutting edge radif@onic of the tooth passing frequency in the power spectrum as

effect and the elastic recovery along the clearance face of tHeOWn earlier in Fig. 7 when machining at a small feedrate was
cutter. Four regions of stresses are considered in developing urat_ely predlcte_d. It was also noted that the predicted cutting
round edge cutting modelRECM): the normal and friction [OTC€ Signal contained a repeated pattern ewerjooth passes
stresses on the rake face, the normal and friction stresses oni@llar to the experimental data shown earlier in Fig. 7, which
clearance face of the tool due to the elastic recovery of the wofRiOvide an additional evidence of the minimum chip thickness
piece, the friction and normal stresses on the round edge, and Rf§nomena in micro-machining.
effect of the negative rake angle on the shearing geometry. Tosjze Effect. Joshi and Melkotd70] made an attempt at ex-
plaining the size effect in the Primary Deformation ZdRr®2) of
an orthogonal cutting process by developing a strain gradient
0.12 plasticity-based model. Considering a parallel-sided configuration

of the PDZ, models are formulated for the strain gradient, density
of geometrically necessary dislocations, shear strength, and the
0.1 i specific shear energy. The analysis shows that for deformation in

the PDZ, the length of the shear plane represents the material
length scale. The model also provides an estimate of the lower
bound on the size effect observed in the specific shear energy.
Trends in the predicted specific shear energy match well with
experimental values obtained from the literature.

0.08/ )
—g= W0 minimum lC

= —a— W minimum i':
Eos

Surface Generation. Vogler et al.[25] developed a process
model of micro-endmilling for the prediction of the surface rough-
ness for the slot floor centerline and cutting forces. The model
explicitly accounted for the effect of finite edge radius by incor-
porating the minimum chip thickness concept. The minimum chip
thickness values were found through finite element simulations for
the ferrite and pearlite materials. The model is shown to accu-

> Y r 18 2 25 3 rately predict the surface roughness for single-phase materials,
Feed per flute [um/flute] viz., ferrite and pearlite. Two phenomena were found to combine

to generate an optimal feed rate for the surface generation of

Fig. 21 Effect of minimum chip thickness on surface rough- single-phase materials, the geometric effect of the tool and pro-
ness [25] cess geometry and the minimum chip thickness effect. Figure 21

0.04;

0.02
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Pearlite, Edge Radius =2 [p m] 1. Although recent studies have begun to focus more on mod-
' ' ' eling tools and methods for micromachining process charac-

Minimum Chip Thickness terization, the majority of the work to date has been experi-
mental in nature.

2. There exists a body of work, mostly experimental in nature,
in the area of ultraprecision machining that is helping to
explain a number of observed phenomena in the world of
micromachining.

3. The current state of the art of cutting tool manufacturing at
the microscale has a significant impact on the mechanics of
the process. More attention to this area will be important to
the economics of machining at this size-scale.

4. Little work can be found that deals with the thermal aspects
of machining at the microscale. This is an area where more
research is needed.

5. The dynamics of micromachining, including process stabil-

. N o ©

w

Force per Unit Width [ N/mm ]
“e »_o

i / — Thrust Force | ity issues and vibrations, have not been examined in depth to
4 - - - Cutting Force date.
00 0'5 ' : 3 6. The emerging field of multiscale modeling will likely play

an important role in the characterization of machining at
reduced size scales, particularly in explaining phenomeno-
logical effects across the nano-micro-meso continuum.
7. More work is needed to develop improved methods for the
estimation of minimum chip thickness values for a wide
range of materials.
Because surface-to-volume ratios increase as the size
scale reduces, more attention to surface generation and
phenomena that influence the surface character should be

Dynamic Modeling. Liu et al.[71] developed a dynamic cut- forthcoming. _ _ _
ting force and vibration model of the micro-endmilling process 9- Subsurface damage is also an important issue of research
that accounts for the dynamics of the micro-endmill, influences of ~ due to the significant ploughing in micromachining.
the stable built-up edge, and the effects of minimum chip thick-
ness, elastic recovery, and the elastic-plastic nature in ploughi%{k

.' ; ' . nowledgments
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