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The mission ot:the Fabrication Technology thrust resources both to maintain our expertise by apply-
area is to have an adequate base of rnarlu facturing ing it to a specific problem and to help fund further
technology, n_t necessarily resident at I,awrence development. A popular vehicle to fund such work
IJvermore National I aboratorv (I,I,NI,), to con- is the Cooperative Research and Development
duct the t:uture business of Li_NL. Our specific Agreement with industry.

goals continue t_lbe to(I) develop an un- For teclmologiesrleedingdeveh_pmentbecause
derstandillgoffulldamental fabrication pro- of their future critical importance and in which we
ces._,s;(2)cor_struct general purpose process are not expert, we use internal funding sources.
models that will have wide applicability; These latter are the topics of the thrust area.
(3) document findings and models in jour- Three tW-02 t:unded projects are discussed in
nals; (4) transfer technology to I,INI, pro- this section. Each project clearly moves the Fabri-
grams, industry, and ct_lleagues; and (5) cation Technology thrust area towards the goals
develop o_ntinuing relationships with the outlined above. We have also continued ournlem-
industrial and academic communities to bership in the North Carolina State University
advance our collective understanding of lh'ecision Engineering Center, a multidisciplinary
fab rica tion p i__cesses. resea rcll an d grad u ate p rog ram estab Iisbed to p to-

The strategy to ensure our success is vide the new teclmologies needed by high-tech-i

changing. For technoh_gies in which we nology institutions in the U.S. As members, we
are expert and which will continue to be of future have access to and use o£ the restllts of their re-
importance to IJ_NL, we can often attract outside search projects, many of which parallel our own

precision engineering efforts at LLN L.

Kenneth L. Blaedel
Thrust A n'a Leader
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Fabrication of Amorphous
Diamond Coatings

i

Steven Falabellaand DavidB. Boercker
. David M. Sanders CondensedMatterPhysicsDivision

MaterialsFabricationDivision PhysicsDepartnlel#
Mecha11&#EJlgineering

Amorphous diamond is a hard, electrically insulating, inert and transparent form of carbon

that has the sp 3 bond character of crystalline diamond, but lacks a long-range ordered structure.

The potential applications of amorphous diamond (a:D) are many. This material has several

important advmltages over conventional chemical-vapor-deposition diamond coatings, mak-

ing it a more attractive coating for applications such as cutting tools, tribological surfaces,

spacecraft components, and medical implar_ts. In FY-92, we produced carbon coatings with
hardness rivaling that of natural diamond, aad began to evaluate the use of this material in

practical applications. We have produced amorphous diamond films on a routine basis, and

have produced coatings up to 8 pm thick on carbide tool bits. The combination of exh'eme

hardness, low atomic number, smoothness, low friction, and low deposition temperature make

a:D unique hi the world.

Introduction coating causes delamination or deforms the
substrate.

The physical properties of diamond make it an (4) Smoothness of coating. In tribological ap-
ideal material for many critical applications. How- plications, smoothness is essential for low
ever, natural diamonds are rare, expensive, and friction and long life. Also, for optical coat-
too small for many applications. A substantial ings, any coating roughness will degrade
amount of work is being done to produce dia- the performance of the optic.
mond coatings on less expensive substrates, to Diamond films produced by chemical vapor
take advantageofthepropertiesofdiamondwith- deposition have difficulty in all four areas. The
out the need for large diamond monoliths. There adhesion is poor; deposition temperature is gener-
are four critical problems that need to be solved ally above 800°C; thermally induced stress is often
before diamond coa tings will be practical: excessive; and the polycrystalline films produced
(1) Temperature of deposition. High process have higtl surhce roughness, requiring expensive

temperatures eliminate aluminum, tool polishing.
steels, glasses, and polymers as possible sub- The situation is very different for a:D. Amor-
strate materials, limiting the usefulness of phousdiamond coatings areproduced by the con-

. the coating. Also, heating and cooling of densation of carbon ions on cooled substrates (at
substrates adds time, complexity, and ex- room temperature or below). They also replicate
pense to the coating process, the substrate surface finish, and can be very adher-

' (2) Adhesion to substrate. Thin films rely on ent. We feel that only adhesion and stress are still
the substrate for much of their mechanical problems, and may exclude the use of some sub-
integrity, depending on adhesion to the sub- strate materials. However, an adherent interface
strate for support. Failure of adhesion usu- can be created in several ways: a thin layer of a
ally means unpredictable and rapid failure binder material can be deposited before coating
of the coated part. with a:D; or, since the process is ion-based, sub-

(3) Stress. internal stress limits the permissible strate biasing can h_rm a diffuse, adherent inter-
thickness ofacoatingwhen the stressin the face. Stress can be lowered by several means:

Engineering Research Development and Technology o:. Thrust Area Report FY92 5-1



Fabrication Technology ..'. Fabrication of Amorphous Diamond Coatings

increasing the incident ion energy by if-biasing tile blades, reducing r(.v_ovel_,times (and hospital cos_)
substrate during deposition; increasing the sub- for many surgical procedures. The high cost of dia-
strate temperature; and incorporating impurity mond_alpels(_veralthou_lnd dollal_ each) isnow
elements in the film. These methods to reduce the main limit to their u_,.

stress and improve adhesion may also red uce cer-
tain qualities of the coatings, so tradeoffs will need Progress
to be made.

We have identified four areas where the ex- In FY-92, we produced carbon films with our
traordinary properties of a:D can have a large filteredcathodic-arcsystem, whichwasdeveloped
impact. The first is the coating of tool bits for use on in previous years. The cathodic-arc source prod uc-
diamond turning machines to exploit the tough- es a carbon ion beam fi'om a graphite target, in a
hess, adhesion, hardness, and wear resistance of high \'acuunl environment. IOurgoals for theyear
a:D. If successful, this process will lead to cost were to investigate the conditions under which
savings where the surface finish and precision a:D is formed, to improve adhesion to various
required is less than that produced by diamond substrate materials, to model the deposition pro-
turning, yet better than can be produced by con- cess using molecular dynamics (MD), and to re-
ventional cutting bits. At present, the finish oh- duce residual stress in the films, which is required
tained on a part is limited by the edge quality of to deposit greater thicknesses.
our coated carbide bits, whi,-h in turn is limited by We installed a cooled and biasable holder to
current polishing methods. If a better method can control the substrate temperature during deposi-
be found to form the tip radius of a coated bit, tion. Initially, the bolder was cooled by liquid
geometries and precision not practical with natu- nitrogen, but we found that water cooling pro-
ral diamond could be achieved, duced equivalent results. By using a high-voltage

Second, the surfaces of metrology blocks, cali- bias for the first Dw seconds of coating, we have
per faces, and precision slides can be coated and produced coatings on cemented carbide tool bits
polished to provide hard, smooth, and wear-resis- with adhesion above 1()kpsi (limit of the _bastian
tant surfaces that will not change dimensions or pin-pull tester). We are investigating methods that
scratch the parts under test. This will allow more will measure adhesion to higher values.

confidence in the continued accuracy of the tools, We were able to adlieve hard carbon coatings that
save re-calibration time, and prolong the lid of the are low in hydrogen content. The hardmss ofcalOon

equipment, films is invel_qy related to the hydrogen content; e.g.,
Third, there areapplications thatwould benefit 10 to 20% hydrogen in a carbon film (lalown as

from the tribological properties ofa:D, in airand in diamond-lik_._arbon, or DLC) redt|c_ the hardness
vacuum. The friction coefficient for a:D is mea- by a factor of four. The hydrogen content of our
sured to be 0.2 or less in all conditions. There are coatings was measL||'ed to be h__sthan 0.1%, using
several important areas where a long-liD solid fom, ard n:_:oilKattering (FI_). We determined the
lubricant could have prevented the failure of me- densiO_of our films from the areal density obtained,
chanical systems on spacecraft, and would enable using Rutherford backscattefing (RBS)and the film
new mechanisms to be practical in spacecraft. A thickJless. We measure the density of a:D to be 2.7
representative example is the Galileo probe's main + 0.3g/cc, which is be_,_:_,n graphite at 2.26 g/cc
antenna that failed to deploy due to the failure of and diamond at3.5 g/cc.
the MoS_ lubricant on its opening nlechanism. One of the most appealing properties of amor-
Coating both disk surface and heads will reduce phousdiamondisitsextraordina|Tl_ardness.How-
the damage caused by 'head crashes' and may ever, standard hardness tests made by indenting
enable magnetic recording media of higher densi- are gene|'_lly difficult to interpret when the coat-
ty by allowing smaller head-to-disk distance, ing is thi:l and harder than the substrate nlaterial.

Finally, there are_veral applications of a:D in the To get a true measurement of the coating hard-
medical field. Due to the wear resistance and biocom- hess, the indent depth must be less than 7 to 20",4,of
patibilib, of a:D, the potential is great for coating the coatingthickness.-Quantitativc hardness tests
scalpels, replacement-joint wear surfaces, and other are in progress with an uitra-microhardness tester,
implanted parts. Ifa suitable technique is de\,eloptM which uses such a small indent that the measure-

to allow, a coat_'l blade to achieve the sharpn(__s of a ment is not influenced by the substrate. A stan-
naturaldiamond scalpel, LhepotentialbenefiLgwould dard Vickers indent of a tungsten carbide tool bit

be h'emendous. Incisions madeby diamond scalpels coated with 8 _tm of a:D with loads up to 500 g
heal L|pto five times faster than tho,_, made with st(_,l gives a hardness of 10,000 + 10%, the same as

_'2 Thrust Area Report FY92 .:. Engineering Reseatclt Development and Technology
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nattlral diamond. At 5()(),u,,the indent deFHh is
I I17'!,,._1'oPut lhu severilv Ctt-lhistt'sl in PersPeclive: -..

tlwsh'esSpLit,,ntllc, l:ilmattheS()()-_h,adis,wel" 7_-.> _ !f OWithouti, ii,'oge,,-17x 1()"psi. i:or flfinner coatings, the Vickers lt'st 6 - • Withnitrogen ......
_i\.es a hardness abe,re 5{)()(iat low indent h_ads

' (2Bg) and then decreases,as tilt' load increasesto _ 5 .... l- -
r_tuy,hlv thu stlbstratt, hardness value (hardness of 7
ttlngsten carbide is _ 2()()()llv). '!'o gel another _ 4 - ,_ _ ....

I assessnlenlIofthc'hardness, Wt'Lisedai'labraMon _3 _ t}t)_+_l_Y _ ]] T --

test. We ,l.'.4.w,t'ssc'dthe hardness of the a:l) CitiltillgS , - (.I.
thai we pr(td tlCt'd, ['iV abrading \'arioLIShard nlale- 2 .......
rials against acoaled plate. We were able to Polish 1 ..... _ ---

facets in all materials a ttenlp ted, illCILiding na tu ral I J
and s\'ntlletic diamond, indicalin_ that tlaec_,llin_4 0, 0 100 200 300

is dIZ)l.ll'OXilllillt'lV <lS h,ll'c| ,is d i<1111()11d.Th is Illd V Bias voltage

p(finLto vet an(Hller application, i.t'., lht' surfacillg Figure 2. The intrinsic stress in amorphous diamond films
(}f Cgl'4 Ill ic,or L'VL'I1d ia Illt )lid t(It >Is. vs bias voltage. Stress is reduced substantially by the addi-

l'he greatest dit:ficultv with <1:1) t:ilnls is their tionofbiasduring deposition, andeven furtherby theaddi-
high intrinsic stres._. ()LIr til[t'rt'd cath(_dic-arc st)LIl'Ce tion of nitrogen. Data taken with no nitrogen during deposi-

19rod tlft's <1t:tlll\.' i(.lized bean1 of c,lrbon with a tion are in open circles; data taken with a nitrogen

111t',ln t'nt'rgv ot o_ t,\/ _,and pr(K]tlct's stress Iovt'ls background are in solid circles. In both cases, the stress. "- reaches its lowest value around 150 V and is roughly con-
of (') to It) ( ;1_<1.'I'llis C'<111be rt,dtlct,d i-i\, illCl't'dSill_ stantabove that value.

the inc'ident i(_n energy inlpinginy, on the sub-

sirate. We tlst'd <113.5(_-MII/.rfsupply to pro\'idea ,I li

blil._dtlrin_ dt,poMli(lll. Sinct' the t:ilnls pr(ittuct,d I I IIart' n(ill-Cilnd uctivt,, rf hi<isis requirc'd h_nlainhlin
the p(IMliial at thetilm stlrt<lcc' dtll'ill_ Co,ltiilg. We "I"

1

tachir of bias and by tat:t(_rtit ts

l'ivt' LIMII_ <1t:Ollli_illillit)n ot bia,_ and the illC'(irp(_l'a- < ( ,

li(lil of 7",, nitrtlgt,n in the filnls. A plot lit the _ ! '-_ "
rt,sid LialMi't'._ \'S bills \'olta_4e_11the subsfl',lle ([ K" __ I "'}¢

level) is sll(,Wil in Fig, 1. Coatings with and with- 0 _7_-- --I;'II.I]
<,L,l nit,'<><_e,1are shown. Although residual _tr(.is.t_ 7_7 "' (_<'_'<'_' '7:_'7:_')"-- '_7'_> "7"7. ' '_' '' II /

is reduced b\' the addition <_t:nitrogen, the nlea- .>:_, : :l "_ :71 ' " • 7 I. _ ;..;_ _-) . `7:_ l_k , , P ':: I
',' I'--" P-4' (_ "]'llii /' ' .... _._'l_ "< "_:_ iiI "1 [ ( ) /

sc,,'c'd h,l,'d,leS._of tilt. ,:,,,11sis,'educed,<,-<_()l)(),Iv. ;{ <I _ I ' _'1 '; _ _ _' _ 4 , i . j_. i_ :; I ' ,_" ; /

<isnoted above, l_esidL,<llstresswas inl:c'rredfrom ':9'j .'.] _] . t:: i "

tllt, bowing of hv(>-incll silicon wat:ers.(.)nc,lrbidc,- -1 I " ': I ' l ' I- b ' i /
fi_i'nlill,_ nlaleri,lls, the <ldllesil_n is StllYicit,nt hi 0 1 2

produc'e thick c(_atings,without del,lnlination of ×(nm)

thO c(_,l(in_ CaLl._od by the c()nlpl't'_M'¢t' s|l't'_, ,is Figure2. A molecular dynamics simulation of 20 eV carbon
long as the bias\'olta_e is kept above 15()V during (BBOatoms)impinging on asiliconsurface.Substantial
dep_Mtion. "l'lle8H.Ihi-thick c'_atingprod uced on a mixing occurs at the interface. The carbon atoms are shown

tungstencarbide t()olbit W,lSlinlited (_nlvby s()uroe asdarkgraycircles;thesiliconatomsare lightgray. The
' Ilhltt'l'iill depletion, view is parallel to the original silicon surface.

'l'he fine strtlCtClrt,ot:a:l) was characterize'elbv llle i11t,asured thickness (4 flw t:ilnls, we dc,tt'r-
TI{M and t,lt,c'tl'(lll clit:fl'acti_tn.TliM showed nl_ i11Jllt,c]the i11dt,xtff rc,lr,lc'liilll ot:titlr tl:J) [()be in the

' t,vidt,nce of <lnvcircle,red structurt, do\.vi1 It) It)A, r,lll_t' 7.47t_>2.57.'Fhis iscl_tseto2.-12,file rc,fractJvt,
JndJcalin_ its ,lnlorplltiUS nalLire. Unlike ii,ltural index (HniltUr<ll ctianlond.

di<lnl_lndor I)1.C,a:l)has a flat trailsnlis._i_tn._pec- Using MI) sinlul<llions, \re I_a\'c,nlodeled tilt'
h'Llnl frill11 ()._ lit > ._()_1111,which is dill' l(I ils ctlildt,l_._ill;i(in tffcilrb(_n ahH11s Ollt(_ a silicon sub-
dnltll'phtitlS IldtUl'c' dlld the lack _t: I1vdr(),_t'll. ille strait, to see the effects (if dc,po,<;iti(in enol'gV (ill

tl'al_SlllisMon era frc,e-St,lnding filnl was nlC,,lStlrt,d cl><liing structLirt' ,111d strc,s._. Figure 2 sllt_\vs car-

LIMI1,V,a t:'llR .<;puc'trtlph(ih)nleter. Frtn11 the inter- btin dep_._ited lln a .MliCilll ,<qlrtdct'. I!vt'il ill thc'

ft, rt'ilCc, bt, h,vet,n tilt, fr(_ill and back sLirfacc,._ and dt, pi_sititln unur_>, of 2()c,V, there is ,_ub,_ianfi<ll

/7_lC_n_u_li ' f?_'_',l_(:ll I}l'_'l_l_m_'nl ,_nd /uuh_l_l(u,_ o:o Thrust Area Report FY92 5-3
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mixin_ at the interface. We are now usin_ the code Acknowledgements
results to interpret the electron diffraction mea-
surements. By Fourier transt:ormin_ the atom po- We wish to thank R. Musket for providin£ the
sitions in the simulation, we were able to closely 14I:{5and FRS measurements; R. Chow and
match the observed positions of diffraction rin_s. G. Loomis for the optical measurements; M. Wall

for the TEM and electron diffraction work;
Future Work I, Ferriera for the hardness tests; J.H dePruneda

for insight into medical applications; and the Vac-
We have described only a few of the possible uum Processes l,aboratory staff for their technical

applications of a:l), with others to be realized as support.
the material becomes better cha ract_,rized. The com-
binationofextremehardness, low fi'iction, smooth- I. S. I::alabellaand I).M. Sanders, ]. We. 5_'i. mid

hess, and low deposition temperature make 'li',hm#.A 10(2),394 (1902).

amorphous diamond a unique and very promis- 2. (. t:eldman,E(h'dway,andJ.Bernst_.,in,].Vm'.Sci.
ing material, mtd lhlul¢)!.A 8 (1), 117( I_)_)()).

The next step in the development of this materi- 3. I:.1.Martin, 5.W. Hlipczuk, R.I'. Netterfield, .I.S.
al would be to test our amorplious diamond filnls I:ield, I).t_ Whitnall, D.R.McKenzie,1.Mnh'l: Sci.
in practical applications. However, we have not I.etl.7,41()(1088).
yet obtained continued funding for this project.
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LasAssted SeSputtedng

Peter J. Biltoft, Barry L. Olsen
' Steven Falabella, MaterialsDivishm

Steven R. Bryan, Jr.,and ChenfistrymldMaterhTlsSciel_ceDepartmellt
, RalphF. Pombo

MaterialsFabricatioJ7Division

MechanicalE11gilzeerillg

Our goal for FY-92 was to demonstrate laser-assisted self-sputtering as a method for sputter

deposition of thin film coatings hi a high vacuum environment.

Introduction the plasma was well established, the process gas
pressure was slowly reduced. As this was done,

Our experimental program was designed to sputtering was maintained by ionization of sput-
investigate merging the technology of magnetron tered copper atoms in close proximity of the cath-
sputtering I and laser ablation 2 to create a well- ode. We hope to demonstrate self-sputtering
controlled deposition process fl'eeof the need for a initiated by a laser-induced plasma in the absence
process gas. Self-sputtering of copper, using a con- of any process gas.
ventional magnetron sputter gun, has been report-
ed. ._In this process, a glow discharge plasma was Progl_sS
initiated by operating a magnetron in the conven-
tional manner, with argon as the process gas at a Our first goal was to design and build a fix-
pressure in the range of from 5 to 20 mTorr. After turn that would accommodate installation of a

.__/Turning optic 1 ./' Turning optic 1 Figure 1. Initial

(left) and final (right)
configuration of the

HCllaser J .... , I HCllaser [.... , laser-assistedself-, Condenser , sputtering appara_, ,d' , ,/Condenser

i /lens ' /lens tus.

Cooling _ i
water ,

_ _vessel vesselSputter

source Turning optic 2
, power

supply __ Shield/substrate
holder

__L__ Cooling Sputter
- water sou rce

power
supply

_1_
"U"
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conventi{vlal magnetrc_n sputter gun int(_an ex- Using a storage ()scilh_scc_pe,we (_bserved
isting vacuum vessel designed f{_r thin film that thev_dtagec)utput_fthemagnetr(_n p(wver
growth by laser ablation. We selected a small, supply was reduced almc_st t(_ zerc_flflh_v,,ir_g
ccmlmercial, sputter-dep(_siti(m s()urce (2-in. US every laser pulse. In an effort t(_deliver higher
gun) f(_r(_ur first evaluatic_n. A schematic ()f the current t(_the sputtersource, we installed a ill _l:

experimental apparatus is presented in Fig. 1 capacitorcapablecff_peratingat> 5kV, between
(left). Initial depositi_n runs were conducted at the magnetrcm sputter supply and the sputter
pressures beh)w _/l() '_T()rr, as measured us- s()urce. No appreciable benefit was realized
ing a hc_tcathode i(_nization gauge on the vacu- thrc_ugh this mc_dificati(m.
um w..ssel. We used a pt|Jsed-c)utput HCI laser
c_perating at a wavelength c_f3(}8nm to}initiate Results
the plasma. Typical _perating parameters fl_r
the laser were 1- tc} lO-ltz repetitkm rate and We have deposited thin films(ffcc_pper, alumi-
IN)- to)320-mJ pulse pc_wer. The laser beam was hum, and tantalum by la_.r-assisted ._lf-sputter-
de-magnified using a 5()(}-mm fl_cal length, pla- ing in a high vacuurn environment, l)epc_siti(_n
n_-ccmvex lens external t_ the vacuum vessel, rates f()r the copper films were c_b_,rved t(_ be
l_(_werdensit"at the sputter ,,(}urce cathode was greater than ().1 nm/s. This rep; esents an increase
bet'veen 21 and 42 J/cm 2. A high-_utput power in depc)sition rate (_f greater than a fact{_r (_f -qi)
supply designed for magnetr_m sputtering was ccm_pared t() pulsed-laser depc_sitictn ()f o_pper
used t_t bias the cath(_de t(_ -q()00 V. While we under identical circumstances.

were able t_}briefly maintain a plasma at the
sputter s_urce, we disctwev'ed that the laserdam- A_a_wlecl_ernent_
aged ttlrnJng ()ptJc 2 rapidly, redtlcJng the pc)w-
erdenqtvwewereabletc}delivertc_thecath_de. We wc_u]d like to thank Neil ].und, wh_ de-

I{_ rectil;v this pr_bh.'m, we recc_nfigured the si_ned and built the hardware u,-,edin this w_rk,
apparatus as shcwvn in Fig. 1 (right). in the sec- and B{_blench fl_r his assistance with the ttCI
_nd c_nfigurati_n, we were able t(_ initiate and laser.
maintain indefinitely a t(_r_fidal plasma at the .......................................................................
sputter target. lhe ccdc_rof the plasma fc_r the 1. J.l,. \.'_)ssenanti _,_,:.Kern, Thin I JimPr_,_',,,',,,\c:a-
c(_pper target ,.',as bright green, indicating the dumic l'rt.ss,In(:.(New '_i,rk,New Y{_rk),1978.
presence ()f high c(_ncentrati_ns c_fc_pper spe- 2. IZB. Chrisev and A. hlam, 3,Jab',.I_',. l",ull.,"_7
ties ill the plasma._ Using this setup, we dep()sit- (Fubruar\ 10921.

ed several thin filrns_tfcc_pper, l)uring 10-minute 3. R.Kukla, J. Krug, R.I.udwig, and K. Wilmt,s,
dep_sitic_n runs, the maKnetr_n pc_wer supply _.'i_,u_,,_R. 41(T-t)), 1968(lt_9(b.

c_utputs indicated that t}le peak wfltage was 4. CRC;ttandh_,,k,fCh,',li, tr_/a_dPht/,i_ ,,,(I?C l'res_,
51)()1)V, and a_crake current was ().l A. (B(KaRat_n,Fh_rida),199{).
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Simulation of Diamond Tuming
of Copper and Silicon Surfaces

David B, Boercker and Irving F, Stowers
, JamesBelak PrecisionEngineeringProgT'am

CondensedMattc_"Pht/sicsDivision EngineeringDirectorate
PhysicsDepartment

We have applied molecular dynamics modeling to the diamond turning of a ductile metal

(copper) and a covalent material (silicon). On the nanometer-length scale, both materials show
ductile behavior, but the atomistic mechanisms that allow the behavior are significantly

different in the two cases. In addition, we studied the wear of small diamond asperities while

they machined a silicon surface.

Introduction the atoms in the diamond tool are assumed to

interact with the metal atoms through a Lennard-
Diamond tunah'lg is, by now, a well established Jones potential. For the silicon simulations, we

tecl_aique for machhaing high-quality surfaces with have in_.plemented interatomic potentials for sili-
dimensional tolerances of a few tens of nanome- con and carbon, 3 which include angular-depen-
ters.This tecl_aiqueis particularly successfl.fl when dent forces that are very important in covalent
applied to non-reactive, ductile metals such as materials with low coordination. Interactions be-
copper. It is less useAil when applied to carbide-, tween like and unlike atoms are included in this
formers, like iron, or to brittle materials. Tribo- model.
chemical reactions can cause excessive tool wear,

while brittle fracture produces surface damage. PI'O_
Recently, there has been interest h'l diamond turn-
ing silicon to obtain precisely shaped optical sub- We have peffon-ned two types of simulations,
strafes. In this case, both problems occur. Silicon is each designed to look at a different aspect of the
a strong carbide former, and it is a covalently problem. One class is designed to simulate orthog-
bonded, hard material that is prone to fracture, onal cutting and to focus on chip formation and

To gain hlsight into the atomistic mechanisms mechanisms of plastic flow. The other look,_ in
of importance to diamond turning and to dia- detail at possible wear mechanisms, such as graph-
mond tool wear, we have performed molecular itization and carbide fornaation, for the tool.
dynamics (MD) simulations of the machining of In both types of simulation, the work piece is a
both copper and silicon surfaces with diamond large slab containing tens of thousands of atoms
tools. The basic MD method is the same as that oriented with a specific crystal direction face up.

. used previously I to simulate orthogonal cutting Most of the atoms in the work piece move freely
and nano-indentation. The shnulations are per- according to Newton's laws. Relatively few atoms
fon'ned in the rest frame of the cutting tool and near the upstreana boundary and the lower bound-

• follow the detailed, microscopic motions of the ary have additional constraint forces that maintain
atoms, both hathe tool and in the work piece, as it their temperature at a constant value, 4 allowing
moves under the tool. Such simulations give good heat generated at the tool tip to flow out of the

qualitative descriptions of chip formation and dis- system. Finally, a constant velocity boundary con-
location propagation, dition is imposed on the lowest atoms ha the slab.

The central input to the simulations is an appro- Atoms leaving the simulation cell at the 'down-
priate interatomic force law. In the copper simula- stream' end are destroyed, and new ones are peti-
tions, we use the embedded atom potential 2 for odically produced at the 'upstream' boundary.
the interaction between two copper atoms, while Performing the calculation in the rest frame of the
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to light. A cross-_:tional 'snapshot' of this simula-..

Figure1. Contrast- ., _,'_.... • tion is sh(_wn in Fig. lb. ThL, filet thing to notice is that

ing behaviororcop (a) -_'dd=_.'--_:__, .' both tilL'chit`->a,ld tilL'cut surface art, amo,l_->h(}t,s.Inper and silicon under 8.0 , _'-_-,,,_____,*_,_-_,,."
orthogonalcutting: _,,_,.,_",_,'_,_-,,." addition, there appea_s to be a boundary laver of
(a) copper chipre- _,,._'_,,",___,_,,_, _.'.. silicon clinging quite tightly to both tile rake and
mains crystalline but _=,._.. _, _ _.. _._ _. _ . ..

• .... _ :,,2oo,:_K_;,_;..:;.... ........ clearance faces of tilL,t(xfl.reorients to slip 6.0 -', ; ,_",'J'_'_ ___ __, _,,'___,"4_," ...' "....' "...."'...."
, _ "t _, _,fl.,,,,_e. _' a _ ,, o ,, _. _t,,_,_. _,_ . .. . . .. . . ..

along the easy (111) ...... _ _'_ __ ' ..... _ _"_* ...... _ ;e"" ''
plane;(b) silicon ............ _"o o_o0........... _ ,,........ Tool Wear
amorphizes and then ...... ......................... dd,_d.? : ,' ,! ' <

'flows." 4.0 '' ;':L_]_.:'/:_.j_:<_:-:.;,_:'_;_'_:<<:,:-:;_:?/:":'<'.::,";'<,"/<;Tool wear was sinlLIlated b\, SLlSl`_endingtwo
................................................. fl dE .... <.................................. _...... small carbon asperities fl'onl a at dJamt)n stir-
N face and observing their interaction with tile sili-

(b) con work piece. The asperities differed in size, but.....:._...:.......:....
8.0 " ' _ ""'.:'"'..'"':.'"' were both shaped as SqLItlrc' pyramids with tile

:::::::::::::::::::::::
, : ; ........... - ... t:our tria ngU la r faces being (l I 1) su rt:aces. "rilL'

I < Stith.trc' bilSt' (_,{ the larger pvranlid, contained
..... ..... 0% -.'" ,., .... f>4(=8x8) atoms, while the baseof the smaller one6.0

:q._-4/_<i-=_i _ ¢ontainL,d 3(,(= 6xf-i)atoms. All of tilL'atoms in both
!<'' "-', %'- " <__7>_;_,<_ ;',_"',%";%%"i-.,', o:'..oo_,o,__',_,%",% _.%'v'_:c%"<.< aspt'ritit's wuru t:l't'e to Illt)Vg aSNgwtOll'S eqLia-

4,0 ! i tions dictate. The basesof tilL'pyramids were (()l)l)planes attached t/_ tilL' bottom (001) plane of rec-
Llll_tllar dianli_nd slab. {otlr at(imic layers thick.2.0 4.0 6.0 8.0

X (nm) TilL'atoms in tilL'bottom two layers of the slab also
nl(wL'd accord ing to Newton's eqLlations,but tl c,il"
tt'nlr,c'r,lttire WaSc'ontroliet-I.The atonls in tilL' top

to_flalk}ws tilL' simLilalii_n of ctitting <wt'r lengths two layers were kept in a rigid lattice that initially
that are lll,lll\' times lhe c;linlptililtii_n,ll cc'll ctimL'n- mo\ed ti(iwnw<ll'd at fl constailt velocity, but
skin, with(iul ha\in,_ tl_ f_flk_w the rll(flitwl _lt a still.->pedafterlhedesiredl`-ienetrationwasol._tained.
pr(_hibiti\'el\' I,ll'_t' nl.inlbi,r(fl ,lh_nls. After that time, thesL'atoms were, held fixed in

._p,.lCL'.S(l(_il<lfter tilL'asperities nlade contact with
Orthogonal Cutting the silicon, the atonls ill their tips began to break

aw<:v,and some,were replaced by silicon. _ Later in
We sin_ulatectdian_ild lurnin_ in thc,(_i'th_,u>_- the SimLilatiorl, <l gi'aphitic cluster of six carbon

II<l] cutting _c'tllllt'll'V t-iV c_l't',ltill_, ,1 wed_e-shapt'd <Ill,IllS appeared _lt tilL' SLII'{i.ICUOil tilL' d()WllStrL'<llll

tool with a c'll_se-packed(111) ctiltin_ filet', aild side ot each <lspt, rity. No tither danli.lgU to the

inll`->(Mn,_pel'i(_dicb_.ltlllcl,ll'V ¢l>ndiiil_ns in tile di- asperities, except for a build-up of silicon on the
rL,ction parallel t_>tlw surf,lee and n(_rnlal tl_ the pvranlid faces,was \'isible dLirin,e,the sinlLilation
Ct.lttiil_ ctirectil_n. In the case _fl c'lippt,r, the dia- tiil-lt,(fl:ab(lut 1()t->s.
lllOlld tool ctlnll`3rist,d <1ri_4id<llTdV tit-<lt(llllSwith The ct'ntr<ll rL'stlltof tills work is tilL'contrasting
,.l['l(ILIt <l 2 Illll r,lttitis tlf CtlrVilttll'C'.Tht' _\'_l'k pic'ct' beha\'ior Ot; Otll" prototype nlaterials, ¢ol`->l`->erand
tT()nt<lillt,d 36,()()()clipper ah_mswith the (11I) face silicon, i.lndc,r orthogonal cLIttill_. Copper tornls tl

LIp,<llld nlo\'t'd Llllclt'l"the tirol at a speed of db(_tll t:<l¢L'-¢L'lltc'rL'cl-t'tlbi¢ (fC'C')¢rvsta] with a Sillg]t,-atom

I()()m/s t:r(ml left t{_light. A cTilSs-sc,c'tillnal'_nap- basis. As <1result, sill.->along tilL'close-packed (l 11)
shot' _t: the simLlliltiOn is sll()\\'ll ill Fig. la. I:l'(}ill I.-il<lnL'siS {lll<l]Og(ItlS t() sliding stacks of nl,lrL_it, s

tills picttirc', WL'notice that tilt' chip has rt'lll,lillt'd OVL'I°U,l¢l'itither, tllld as SL'L'I1in Fig. la, the copper
crystalline, bLli it has [-it,en re(wienied to t-ornl <1 chip i'enlilins crvstallhle, {->Litret_ric,ilts and slips
(111)slip plaile in the prinlarv shear/(lilt' in fl'(_nl alon_ the easy plane, lil ¢olltr;.1st,silicon t:tli'nls <l
()f the tool. dianlontt lattice that is also fc¢,bLit c'ontainsi.1two-

In Ct_lltl,lstt() tht' c(lt-ipL'rsimulatiorl, the silic_n dtOlll basis. Consequc'i_ltly,sliding along the (111)
calcLilafi_nallows the lower at(wns in tilL' l_l t_ I.->lanL,i._l_ii_ctc'rL'dbvthc'str()ngarlgularforcL,s, arld
Ill(iVC,according to thL'ir tt_l'¢ulaws, and l_nl\' lhe Fig. lb _h_\._ that silicon amorphizes and then
upt.->urnlost <ltonls ,lru held ii_id. /\lOillS jLIstIx'low 'flows.' lt;i_ suggests that the Sl.lr{acL,selects the
the rigid I<l\'c,rs <lrL, nl<lhlt<linc'd ,11.C()llSt311[ tL'llllDt'l'<l- state that miiliil_izc, s tilL' work d(inc' I.l\.' tilL' tool.

tLII'L'.The \yolk pic__c'cl_nsistc,d (_t;2(),It>()<l[onlswith ()LIr SilllUlatit)n ot: tilL' WL,al" Ot: small dianlond

the((X)I)plarl(,f<lCC'Lip,ni(win_ at ab(_utr-'_14)m/.<-,IL'ft aspc,rities while cLitting silicoi_ ._howed L'vidc'ncc'
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of both 'graphitization' and carbide fornlation. Six ness of !J_NL's materials fabrication efforts within
carbon atoms broke off the asperities and formed the Department of Energy and elsewhere.
hexagonal rings, while silicon atoms filled the re-
suiting vacancies by bonding strongly to the dia- 1. J. Belak and I.E Stowers, "Molecular l)ynamics
mond. Modeling of Surface Indentation and Metal Cut-

ting," f:.n,_im'erin,_16'scmvh,lh'z,_'hJtma'ul,mitt"li'ch-
ltUl(Jkt!l,I,avvrence IJvernlore National l_aboratory

FIJtllJl_ Work I,ivermore, Cal ifornia, UCRI,-53Hf:_H-OI,4-3(1002).

2. I)..I. ()h and R.A. Johnson, "t']mbedded Atom1
, The abilib_ to understand and control the dLic- Method for Close-l'acked Metals,"Ah_mistic,qimu-

tile-brittle transition in glass is critical to impmv- lnlion_tMnh'rhfls: Ihot_mtPair IOt_'nlhfls,V.Vitek
ing the economic viability of the state-of-the-art and I).). Srolo\,itz(Eds.), I'lenum Press (New York),
machining capabilities being developed at Law- 233(1089).

rence Livermore National Laboratory (LLNL).Our 3. .I.Tersoff,Phys. R_'_'.l_39, 5566 (19g0).
next objective is to define the mechanisms of mi-
croplasticity and damage initiation in fused silica 4. W.(;. i Ioo\,ebl_h}/s.I,_'_,.A31, 16_)5(1095).
by using MD techniques, to follow changesin the 5. I).B.BoerckebJ.Belak,1.1:.Stowers,R.R.Donaldson,
structural properties and the dynamic interactions and W..I.Siekhaus,"Simulationof Diamond'li_m-

ing of Silicon Stlrfaces," Pn_c.ASPE 1992Amm_fl
! of the atomistic glass network. We hope that an Mwtin,k, ((;renelefe, Florida), 45 (October 18-23,

explicit demonstration of the ability to model these Iou2).
processes will greatly enhance the competitive-
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