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Research has been carried out to evaluate the ductile regi me machi ni ng of
silicon nitride. The Nanocut Il device, an experinental cutting instrunent,
was used to produce cuts in silicon nitride with single point dianmond tools
(-45 degree rake angle). This device controls the depth of cut to within a
nanoneter, and neasures the cutting and thrust forces (in mM\) with sub-mN
resolution. Actual depths of cut ranged from 250 to 600 nanoneters, and the
correspondi ng forces were less than .2 N Fromthis data the force ratios
(Fc/Ft, the apparent coefficient of friction) were cal culated. These val ues
ranged from1l.7 to 4.
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| nt roducti on

Ductile cutting of ceramics in general, and silicon nitride in particular, is
possible by either controlling the depth of cut (below the critical ductile
to brittle transition) or by thermally heating the material to soften and
possi bly toughen its response to deformation (Shin, 2000). The goal of this
present research is to performcontrolled depth of cut experiments while
simul taneously nmonitoring the cutting and thrust forces. This data, depth of
cut and forces, together with tool geonetry, cutting conditions (speed, feed)
and material property data are being used in a collaborative research project
to nodel and simulate the machi ning of ceram cs (Hocken, 1999).

Resul ts

Al cuts in this range, actual depths of cut as neasured on an AFM of 250 to
600 nm resulted in purely ductile material renoval with no evidence of
brittle fracture. Subsequent cutting test on a comercial dianond turning
machi ne (DTM indicated that the ductile to brittle transition threshold for
this material was approximately 10 microneters (Patten, 2000b). The
resulting surface finish of the cuts was conparable to the as received
pol i shed conditions of 25 to 100 nm Ra.

Di scussi on

Three different types of cuts were performed: Cuts were nmade in roomair
(Figures 1 & 2), vibration assisted cuts, and cutting with chem cal -
nmechani cal polishing (CMP) slurries (Figures 3 & 4). The cuts nade in air
resulted in the highest cutting forces conpared to vibration and slurry
assisted machining (Figures 1 & 3). Vibration assisted nachining invol ved
vibrating the sanple, normal to the tool, with a PZT stack, at 200 Hz with
anplitude of 1 to 2 nm The vibration assisted machining resulted in reduced
cutting and thrust forces conpared to non-vibrating cuts made in roomair
(Figures 3 & 4). Cuts nade with CMP slurries showed a reduced cutting force
and increased thrust force (Figures 3 & 4). CQutting tests with conbi ned
vibration and slurry assisted cutting resulted in forces in-between those of
just vibration or fluid alone (Figures 3 & 4). The (as received) silicon
nitride sanples were polished to a surface roughness of 25 to 100 nm Ra.



This relatively rough surface, and the correspondi ng porous polycrystalline
structure of the material, nmade it difficult to obtain accurate depth of cut
conpari sons between the various cutting processes. Therefore the origins of
the reduced forces associated with vibration or slurry assisted nmachini ng,
conpared to cutting in air, can not at this time be positively determ ned.
The reduced forces could be due to material or process condition changes. The
materi al's behavi or, such as yield strength, or the chip formation process,

i ncl udi ng shear and friction processes, could have changed as a result of the
vibration or CMP slurry. Alternately, the depth of cut may be different,
even though the programed depth of cuts were the sane (the results are

i ndicated for programed depth of cut of 1000 nm and 1500 nm but the actua
depth of cut, as neasured on an AFM were between 250 nm and 600 nn). The
latter could arise if the material's response to the vibration or slurry
resulted in a change in surface characteristics, such as hardness. Fut ure
tests on a nanoi ndenter and DTMw || shed sonme additional insight into the
observed phenonena.

Concl usi ons

Ductile reginme cutting of silicon nitride is possible in the nanonetric
range. Cutting forces can be significantly reduced by enpl oying vibration
and/or fluid assisted cutting action. Vibration assisted cutting also |owers
the thrust force, while fluid assisted cutting raised the thrust force
conpared to dry cutting in air. This latter phenonenon is simlar to that
experienced with deforming silicon (Patten, 2000a). The conbi nation of
vibration and fluid assisted machining resulted in internedi ate effects for
the thrust force, i.e. the thrust forces for conbined vibration and fluid
assi sted machining fell in-between those cuts using just vibration or fluid
alone. The force ratio Fc/Ft, the apparent coefficient of friction (Figure
5), was greatest for the vibration assisted nmachining and | east for the fluid
assi sted machining. This former result is influenced nost by the significant
decrease in thrust force during vibration assisted machining. It is
possible, that the vibration acted to "break-up" the surface and thus reduce
the thrust force. (the vibrationis in the thrust direction and not the
cutting direction). The lower force ratios obtained with the fluid may be
due to lubricity associated with the slurry provided at the contact surfaces.
The conbi nation of vibration and fluid assisted machi ning, by reducing the
cutting force, should result in reduced tool wear. The one unanswered
guestion is why the fluid al one caused a decrease in the cutting force but an
increase in the thrust force. One possible explanation, is that the fluid

i ncreased the apparent hardness of the material, resulting in |ess
penetration and a correspondi ng snmaller depth of cut which woul d subsequently
reduce the cutting force.
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Figure 1 Cutting Forces vs Depth of Cut
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Figure 2 Thrust Force vs Depth of Cut
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Figure 3 Cutting For ce, Depth, Vibration and Fluid
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Figure 4 Thrust Force, Depth, Vibration and Fluid
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Figure 5 Apparent Cofficient of Friction, Depth, Vibration and Fluid
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