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FIG. 2. Schematic of the CaF2 (111)surface machined at undeformed chip

thickness of l μm. The numerals and arrows indicate the crystalorientations

along the corTesponding cutting directions.

　The undeformed chip lhickness was changed from a fiw

nanometers to l.5μm by varying the tool feed aom l to 60

μm/rev and the cutting edge angle from 0.1° to l.5°.The

depth of cut was vafied between l and 5 μm.The spindle

rotalion ratewas constant at l500 rpm. Face turning was

performed，with a corresponding cutting speed of O－235.5

m/min.ln order to avoid the innuenceof thermal ef111ctsl6

and possible chemical en7ects on the machining process， no

coolant was used， and dry cuts were per11〕rmed｡

　The machined surfaces were examined using a Nomarski

dif!erenlialinterference microscope and a scanning electron

microscope(SEM)，and measured using a surface profiler，

Form 'nllySurf, and an atomic force microscope (AFM).The

chips removed from the workpieces during machining were

collected and observed with the SEM.

III.RESUL7S AND DISCUSSION

A.Crystallographic efleci on surface texiure

　　First，theeffect of crystal orientation on the machined

surface texture was examined. A facing cut was performed at

a tool feed of 60 μm/rev，a cutting edge ang】e of l° and a

depth of cut of 5 μm.Under these conditions， the unde-

formed chip thickness was approximately l μm.Figure 2

shows a schematic of the machined surface. The surface tex-

ture dimlrs significantly according to the crystal orientation.

There are six damaged regions distributed in a radial pattem

from the workpiece center. Three arms of slightly pitted re-

　　　　　　　　　　　　　　　　　－　　－　　　　－gions are observed along the [1121,[1211，and[211]orienta-

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一一tions and three arms of cloudy regions are along the [2H]，

[r2r]，and[TT2]orientations，whereas the six〈Tol〉orien-

tations corresponded to damage-free clear regions.

　　Next,detailed SEM observations were perf1〕rmed on vari-

ous orientations of the workpiece in order to examine the

microfracturing mechanism. Figures 3(a)－3(c)are SEM pho-

　　　　　　　　　　　　　　　　　　　　　　　　　　　－tographs of the machined surfaces along the [1121，[rr21，
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　　　　　　　　　　　(c)

FIG.3.S!∃M photographs of the thlでetyPes of surface fでgionsshown in Fig.

2.(a)[112]，pitted 2gion; (b)□‾r21，cloudy region; (c)[rOI]，clear ggion.

and[T01]orientations，respectively，corresponding to the

three types of regions in Fig. 2. 1n Fig. 3(a)，microfractures

or up to a filw lens of micromelers in sizeareobserved.and

most of the microfractures appear to be lriangular. Cross-

sectional surface pronling results showed that the depth of

the microfractures averages in the range of 5－10 μm，far

lafger than the undef1)rmed chip thickness (1μm).ln Fig.

?I・
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50 Yan，Syoji，and Tamaki; Crystallo9raphic effectsin mjcrQ/nanomachjnjn9

　　田2］←-　　　　　　　　　　　　　　--→μ011

RG， 6. Nomarski micmgraph of the surface between ［rr2］and［r011，

machined under a continuously varied tool feed.

ductile boundary， changes significantly with the crystal ori-

entation. Figure 7 shows a plot of the critical chip thickness

心versus the crystal orientation during one revolution of the

workpiece. ln Fig. 7，periodical valiations of jc can be ob-

served. Six peaks， three deep valleys and three shallow val-

leys･ appear during one revolution of the workpiece. The

peaks occur at the〈Orl〉orientations， conlesponding to the

clear regions in Fig. 2.The shallow valleys appear at the

〈rr2〉orientations， corresponding to the cloudy regions in

　　　　　　　　　　　　　　　　　　　　　－Fig.2; the deep valleys occur at lhe 〈112〉orientations，cor-

『esponding to the pitted regions in Fig. 2.The maximum

criticalchip thickness at the peaks is l.2μm，and the mini-

mum�tical chip thickness (心mjn)at the deep valleys is 85

nrn.

C.Ductile machining fora unilorm surlace

　　For optical applications, a machined surfllce must be uni-

form and completely damage fiee. These requirements can

be satisfied by decreasing the undeformed chip thickness be-

low the minimum criticalchip thickness 心mjn，as indicated

in Fig. 7.Such an extremely small undeformed chip thick-

ness can be immediately achieved by adopting a su伍ciently

small cutting edge angle g and/or a sufficiently sman tool

feed y; as can beseenin Fig. I(b)and Eq. (1)｡

　　Figure 8 is a Nomarski micrograph of the CaF2 surface
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RG. 8. Nomarski micrograph of the CaF2（111）surfacemachined at an

unde柘rmed chip thicknessof 17 nm.

machined under conditions of g＝0.5o汀＝2μm/rev and α

゜1μm.These conditions determine an undeformed chip

thickness of 17 nm. Under these conditions， the machined

surface exhibits uniformity in texture，with no micron･actures

across the entire surface. Figure g is an AFM image of the

same surface. Periodical tool-feed marks left by the diamond

tool can be observed， but no microfracture is seen. The maxi-

mum height，namely,the peak to valley (や)，of the surface is

18.5 nm， and the arithmetical mean surface roughness (Ra)is

3.3 nm，respectively.Rgure 10 is a SEM photograph of the

chips removed from the CaF2 workpiece during the above

machining process.The chips are generally continuous and

partially curled，similar to the chips generated when cutting

ductile metals at the nanometric level.19 The appearance of

these chips indicates that CaF2， nominally a brittlemateria1，

has been removed from the workpiece in a completely duc-

tile manner｡

　　The above results demonstrate an important fact，i.e.，that

the crystallographic anisotropy elkct in the material removal

behavior can be signiticantly eliminated by decreasing the

undeformed chip thickness to the range of a few tens of

nanometers. This phenomenon is due to the size efict in the

FIG.9.AFM image or the lopography of lhe surfllceshown in Fig. 8.The

surlllce has a maximum height り?y)of 18.5 nm and arithmetical mean

roughness(＆z)of 3.3 nm. respectively.
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