Ce ol iyevd ! 2
LA-UR-178-2102

TITLE: vaporization Thermodynamics and Kinetics
of Hexagonal Silicon Carbide® vt

AUTHOR(S): Robert G. Behrens and Cary H. Rinehart

SUBMITTED TO: To be presented at the 10cth Materials
Research symposium on the Characterization
of High Temperature Vapors and Cases,
18-22 September 1978, at Galthersbury,
Maryland, and to be published in the
Symposium Proceedings

- remem—— NOTICE -

otk .
Thy repot whb prepared o W oum ol wer

C went Nenher e’
M 3 4 hy the United States edunent .
! .'3.-'- “N “'\I‘Y ‘l’:\:::':u:u not the United Siates I partmen!

Fnermy, mn any ol thew emplovees, llnlh“l:‘-ﬂ":‘h‘!:l‘
il y AR LA e + zmphy . e
ANTIONS OF THIS REPORT ARE ILLEGIBLE. it o s """,.',:,“"'.":"u::".'.."\'...‘:".T-:u:-hmum“ :
. ’ ‘ 1the t \ 1 y fghihy o1 respon! l.\ -".‘ ; T |
has been reproduced trom the best available '.l'..:.'."'.?.‘.‘l :‘I..n:“.."..‘.‘.l.'.'.n.hnm.npl.l.‘. S
copy to permit the broadest possibie avall- e S

ability.

Ny acceptunce of this article for publication, the
publisher recognizes the Government’s (license) rights
in uny copyright and the Governmnent -ind its pautliorized
/ represcatistives have uncestricted right to reproduce In

whole or in part said article under any copyright
< wecurad hy the publisher.

put.lisher identify this article ps work performed under

vhe Los Alamos Scieatific Laboratory requests that the
) the auspices of the USERDA,

¥

los alamos

scianlilic laboralory S
of the University of California DISTRIRITION AT T4 1< DOCTTENT 19 UNVL.IMITED

LOS ALAMOS, NEW MEXICO 8/ 545

’
An Ailfirmative Action/Equal Opportunily Employer

e Now R USHTED STATRS
Korm No. ENERG ., RESEARCT AND
v DEVELOPMEN I' ADMINIS TR TION

CONTRACT W.7 103 ENG. 6


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


Vaporization Thermodynamlcs and Kinctles
of Hexagonal Silicon Carbide

Robert G. Behrens and Gayy H. Rinchart
University of California
Los Alawos Scientific Laboratory
Los Alamos, New Mexico 87345

Abstract

Masa spectoonetee Knudaen o lwislon caporicacion o esurcdedes cos the Leapacaiiuce
range 1835-2264K coniirm carlicr wads spcctrnﬂetcr resulls that hl(b) I8 the predominant
vapur specics above tho S1C-C two—-phase reglon. Si, (.(g,) and SiC (.,) are found to b the
next most important vapor speclics.

Total vapor pressures are measured to be a factor of 10-15 higher than values ; “evilously
reported hetween 1800-2200KR. Silicon partial pressures lead to :: vilue of ~-7.5 keal mo1-1
for the enthalpy of formation of SiC(hcxaponal) at 298K,  Purilal predsares of
si(g), Sic.(g), and S1,C(g) lcad to third-law cnthalples of formation for 51c (¢) and
Sizc(u) wh?rh are in accord with prevlounly recormended valucs

Langmuir vaporization of 81C(huxagonal) (0001) slngle crystal Faces In the masn
spectroneter show ion Intensitles of §1° and SIC.F that are time-iudependent after an
initial induction period during which the intensitics lnerease by a factor of 1.5
before attaining a steady-state value. The masu spectrometer studles between 2200-2500K
glve netivatlon enthalples of l&“*(2350) = 141.6% 2.7 keal mol1~1 for Si(g) and

ALY (2350) = 166.2 3.5 keal mol™) for 81C,(g) vaporizatlon from Lhe (0001) crystal
face of hexagonal SiC.

Constant temperature total mass-loss Langmulr vaporizatloa experiments wsing S10
(0001) crystal faces show a tlme-dependent rate of mass=-losus. It 14 believed that this
tiwe-dependent behavior is caused hy a decreasa In the SiC(hexagonal) single erycral
purface area and in not due to impedance of mallicon vaporliation by the praphite layer
furmed on the erystal surface durlng deecompoesltlon.



VaporizaLion Thermodynamic: and Kinctlc"
of Hexagonal SIllcon Carbid.*

Robert G. Belirens and Gary !, Rluchart
Univeraity of Californla
Los Alamos Scientlfic Lahoriatory
Los Alamos, New Mexico 87545

T. Tourrodni~ion
Low atomlc uumber ceramic sollds have numerous potentlal wses In controlled
thermwonuclear reactor englueering appllications. (1--3)  Ceramic materials belng
consldered for such applicatlons include SIC, ReyC, B, C N, Si.N, » Al 0 9 and B0,
These materlals are also of interest from a fuldnmewLal point o? view dH m:ny ol
them vaporlze by incongruent decompositlon, often yicid comp]ex nand unlegue vapor
molecules at high temperatures, and are bel leved Lo exhiblt viacuum vaporlzatlon rates
lower than the cequllibrinm valuea.

The present paper reporils rhe resuliks of invest Igaklons on the vaporiz-itlon
thermodynamles of hexagonal alllcon carblde uslug high temperature quadrupole mass
spectrometry. Preliminary resulls of lnvestlgations using mass apectrom-iry to study
the vapurization of hexagonal SiC single crystals are also reported.  The vapor-
izatir. 1 thermodynamnles and kinetles of hexagonal SIC were Invest lgated becauses

1. of the potent 'al applicatlon of SIC as o {irst
wall protective barvler in fusion reactorn

2. Adlscrepancles exlst In the §drerature regarding
the vaporlzation thermodynamics ol SIC and the
compos bt lon of the equillbrium vapor

3. the vaporlzatlon klnetles of S1C have not heen
previously entabl Ushed

4. single cryntal walers of hexagonal §1C ean he
rceadily obtalned.

2. Summary of Peevious Work oo SiC

Silicon earbide, SIC, in helleved to be the only compevnd formed in the 81-C
system. (A,5) 81C exlsatn az two phanes: an alplia or hexajemal phase and a bota or
cuhlc phase. Cuble 81C 18 bellaved to be the the.mmodynamically stable phasz ot low
tempuraturces.  The cubie ko hexapgonal phate tranaltfon temperature Is roported to 1ie
butwean 2000-2300K. (6) Thermedynamie srabllltien of the two SIG phdunq are h~]lvvnd
to be glullar, thele free enecgles of formad fon dlifering by aboult: 0.5 keal mol ° at
298K. [Hexagonal S$1C forms numerous polytyple .ndlllcnlinnu which arls s from di!veront
stncking sequences of thn hexagonal £1C layer:. €7)  DLI[ferences in Cthe thernadynanle
stabillcles of these polytypes have not heen d-erermiued,
Work perfommed under the auaplecn of the Departueat of Enerey



Quantitatlve data regarding the composit fon rang.: over which SiC exlsts have
ror Leen reported. T+ Is generally assumed that SIC ¢xIsts as a line compound. (.)

S$iC vaporlzes inc ntly to form solid graphite as a reaction product. Vapor
pressures in both the imd S1-8iC systems have been invest igated since as carly
as 1926. Ruff and Kon (8) and Ruff and Crleger(Y) measured the vapor proessure of

thz 81C-C system betwe v/3~2990K and 2565-2951K respectively. Assuming the vapor
to consist of Si(g) anu oiC(g), these authors ware ahle to caleulate Si(p) parcrial
pressuzes fer the S2C-C systen.

Drowart, DeMarla, r.nd Iu;-hr. n (10) used mass ..p.c-lrum-al:ry to establish cthe vapor
o tiop dn e SRS awatem Veetvaan PPAGIVIARL T o datae T ad shit S0 §a the.
Predoninant vipur shegies wii‘h Bra,() sad :::,,(:(L_) Voooae the et omostl pooduadaang
vapor specles over Ltheir cxperinental temperature cancse. They alse found S'lz([:). SiC(g),
SL]C?(g), Si3(;;), 'u)(,_‘(g), and S.i.s(l(g) to be niivor specics In the equilibrium vapors.

While investlgating the spectroacopy of SiC molecules by mitrix isolatlon
spectroscopy, Weltner and MeLeod (11) found a relatively strony §i,C, spzcetrum. As
ther 2ould not determine whether the strong spectrum wat due to a fiigh transition
probability of the SJ,C, bands iu the visible repfoa of the spectrun or to a
concenl ratlon of S{,CC Tn the SIC-C vapor higher thar that nuppested by the mass
spectronctry results of Drowart et al., Weltner and MeLeod sugpecntod that the Leaportance
of this molecule ju the high temperature cquillovim vapor of Lic C e re-oxanlaced,

Rnippenberg (9) measurad the toral vapor pressure of hexaeoral UiC In a graphite
crucible and determined the silicon conteat of the vapur at the nornal snblination
tenperature (3039X Lfrom Frippenberg's work)., Gu the basts of hils anaiysis, Kuippenbaers,
coacluded that the equillbrium gas phase cooposition of the S{C-C system is alvaya
rich n silicon In contrast to the results of the mass npectromster ctndiog of
Drogart et al. which indicate the S1/C ratdios in the gas phase to bo less than unity.

Drowart and DiMacia (12) peasured the vapor pressure of the §i-81C system naing
mass spectrometry and found $i(g) to be the major vapor specios with $1,C(7) and
sic. (r') belug Lhe nest most Important vapor specles Lolow 2632K.  Enthnlples of
fnrn.n' Llon of SI,C(g) ~nd S16, (1) calculated by a thivd=law analvsis of thae vapor
pr--s iure d-JLx arfe consalsteat with the corresponding third-lav valusz vVrem Drowart
et al'as massg sroctrometer work on SIC~C.  Total vapor pressures catrapolated to the
h-npm.llurn ranga aver whlch Ruff and co-workers(8,9) measured total vapor pressures
of the SI-$1C system are in poor agreement with Ruff's results. Drowart aud DeMaria
attributed this dlserepaney o the Fact thal silleon it fused throush the erncihl.
in Rulf's experiments causing thelr vapor pressures to be inordinately high.

Criioveson and Alcock (13) uned o mass=loss coffusion Lechnlyue to measure the
total vapor pressure of both hexwzonal and cubice §iC. The measuved total vapor
preasures for cach §i€ phase were slighetly higher than those reported by Drowart ot al.
At teapecatures above 1973XK,Grioveson and Aleack Yound Lhat their vapor pressuves for
besagnnal SiC were higher than values ealeulats by extvapolating thelr low teoperature
data. This behavlor may Iudleate that the lou temperainre vaper presances e too Tow
beeause of kinetrle prablens (ie. a low vaporizatton vocfficicnt).

Davis, Aathrop, and Seaccy (14) measured the vapoar pressnres of euble SIC hy a
mass-loss effuslon technigne wilng Drowart ¢t al's was: spoctrometer reaults to
ealenta e 81€s) pavtlal pressures from thelr obaervad nass Tosaes,  They obta lued
total vapor pressuces In agreenent with the total vagor prostares measuzed by
Gricvenon aud Aleock. Davis ot al. alse vosore that they fonad no systemat le clunge



In the vapor pressure as a function of cell oriflee ares and concluded that the
vaporizatlon coefflclent of Si(g) from cubic S5iC wai close to unlty. They dlid,
however, observe a time-depeandenr dezrease in the vaporizatlon rate whlch they
attributed to impedance of SL(j;) vaporizatlon by a graphlte nicrolayer formed on
the SIC particles durlng vaporlzatlon.

Mell and Brodsky (15) obta'mad the mass spectrum of sllicon evaporating from a
carbon-1lned copper hearth under hlgh vacuum (the temperature at whicl the mass
spectrum was taken was mot reported). They chserved peaks for most of the known
S1-C and S1 moleculas but did nut observe a pueak attributable to Sicz(g).

Wass=luss eLfuslon okudies 0F SiC-C by Yoronia, Makarova. and Yadia (L6) alve roor
pressures which are a factor of 20-30 bhiluw those of the previously discussed
Investigat lons. These results indlcate a low vaporization coeffirient in contra-
dictlon to the results of Davls ct al. Chosht-wore (17) verformed Lingmulr vaper-
Izatlon experiments uslue hexagonul SIC single crystal wafers and reported vaporlzation
rates a factor of 10% 1lower than those measured under cqullibrium condltions.

3. Fxperimental Svction

A. Sample Characterization

Knudsen of fuslon experlments are performed using 200 m:sh SLIC partlcles,
200 mesh §1C particles crushed to 325 mesh powder, or 325 mesh $iC powder
mixaed with 325 mesh H-4%1 reactur geade graphite powder, X-ray dLEfractlon shews Lhe
SiC to bhe the hexagonal phase, most probably a mixture of nolytypes. Cuble $iC may
ials0 ha present as X-ray dlffractlon lines for the cuble phase arce not clearly
discernjvle from those for tue hexagonal phase. The X-ray diffractlion patterns
#1lso0 show that significant amounts of impurltias arc nob present In the 51C samples.

Langinulr vaporization expceriments are porformed uablong hexagonal SIC single crysral
wiafers purchased from the Matorlals Research Corporat ion, Orangeburg, N.Y.. The
crvstals are carbon arec grown, 6-8 mm in cross-gection, and 1 imm thlck with the c-axis
oriented perpendlcular to the large Face. X-vay diffractometer scans conflrm the
crystale to be hexagonal SiC.

B. Experimeatal Apparatus

The mass spectrometer used for both the Knudscn effusion and Langmulr vapor-
#atlon experlments 1is shown In Flgures 1 aud 2. The mags spectromeler consistd of an
Fxtranuclear Laborai.orles fileld separation (ELFS) quadrupole mass filter. The
quadrupole rods are 0.95 cm diameter by 20 cm long giving a mass range of 1400 amu
with a resolution of approximatcely 1000 ~t m/e = 1000.

The clectron lmpect lonlzer ls of cross-beudm deslgn, that lg, the molecular beum
from the high temperacure source cnters the lonlzer region in a directlon normal to the
grometrical axls of the quadrupole rodd and normal to the directlon of lon extraction
Into the maygs fllter.

on detectlon 18 achleved by a 2l-stage copper-beryllium "Venet Lan blind"
¢lactron multlpller mounted paraxiacl to and offgset from the quadrupole transmluslon
axlu. Multipller galas are determined in the usual mauner using a Faraday plate
dutactor,



Multipliod ion currents pass through a preampllificer, through a 107 or 107 ohm
reslstor, and into a dc electrometer. Oulput from the cvlectrometer is displayed on
an oscilloscope, X-Y recorder, or a strip chart recorder.

The elecrron multipller-mass filter-ionlzer assembly is mounted as a slngle unit
on an 8-inch o.d. Conflat flange through which electrical conncectlons to the quadrupole
power supply, lonizer control, and eleclrometer are made. The asz:wembly s mounted
horizontally on a 5.5-inch i.d. stalnless steel hellows which can be adjusted to pernlt
casy alignment of the ion source cntrance hole with the molecular bheam from the high
temperature Knudsen cell region. (See Figure 1)

The vacuum system is constructed cntirely of 6-inch o.d. staln’ess steel tublng.
Conflat flang=s with copnear gaskets are uasd In All vacurnm rnnnﬂrrlnnu. A Varian
FC=i2E vacuym staclon Isocsed 1o pranp o SRe o soneet oy ce i ce e nenition candtoron
of 200 1 s~ of Triode Vacllon pumping, a titanium subliiat lon punp (Lbl), and a Liguid
nitrogen eryoarray. A peppet valve La localed above Lhe VacIon pimps and TSP to pecml:
breaking of vicuum without turning off the pumps. Pumping of the Knudsen cell reglon
is achleved by 7 400 1 a~1 Thermlonles Laborairozy Vaclon pump. Rough pumplng of the
system Is achieved by three liquid nltrogen-cooled VacSorh pumps. Thoese pumps are
isolated from the main vacuum system by 1.5-inch polyimlde-sealed ultra-hlgh vacuum
valves (See Figure 2).

Typical background pressures of 5 x 1079 torr are readJ1ly achleved in hoth the
lon source and Knudsen cell repions aller aboul six hours puamping from 10 mlerons
pressure. Background pressures on the order of 1 x 10-7 torr or better in the ion
gource reglon and 1 x 10~6 torr or better in the Knudsen cell teglon are routinely
achieved durlng operation with a graphlte KEnuulscn cell abl (emperatures as high as
23U0K,

The Knudsen cell reglon ls separated fronm the lon source reglon of the masy
spectrometer by a water-cooled plate wlth a 0.25~inch diameter bole through its center.
A stiainless steel ghutter hiade with a 0.025-1inch wide allc cloxed into Lt re:ts on Lop
of the watcr-cooled piate and 13 moved across the path of the molecular beam from the
Knudren cell region by a llnear-motion vacuum [cedthrough.

A graphite Knudsen cffuslon cell or SiC ningle crystal sltuated In a graphlte
holder is heated by a tunguten splral reslegtance heater mounted on an 8-inch o.d.
Conflat flange (Figure 3). A Sorenson high current, low voltige dec pow=ar wcupply Is
userl to supply pownr to the tungnten heater. Waler-cooled copper power Feadthroush.:
for the tungsten heater arc brought Into the vicuunm system through the 8-inch o.d.
flange. A concentric arrangenent of alx tantalum and two tungsten shleld coans, with
molecular beam exit holes drilled through the center of thmic tops, 1 sltuared avourd
the tungsten heater. Seven tantalum heat shlelds, wlth pyrometer slght fwles dellled
through their centers, are sltuated directly halow the heater. The entire furnae
arrangement fits Into a 6-Inch o.d. stalnleas nteel housloy which his 0.25-Inch o.d,
copper tubing brazed to the outalde wall for wvalLer cooling.

The temperature of n Knuduen call i34 measured ualng a callbrated Pyro optical
pyrometer by sightlng through an optleal window onto a blackbody hole drilled inte
rhe bottom of the Knudsen cell. Single crystal temparatures are reasursd by slzhiing
the pyrometer through o holoe drilled In the bottom of a eylindrlical praphlte holdec
onto the underslde of the slngle crystal. Uhaerved tempevaturesd are then correctoed
for optical window and prism uftects.
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Knudsen effusion cells used In the equilibrium vapor pressure measurements are
machined from graphlte and are of two types. The flrst type consists of a base with
a 1id, has a 1.3 cm outside diameter and Is approximately 1.8 ¢ Jong. The cell 1i1d
contains a knife-edge clrcular orlflce with an area of 3.0 x 10-3 cnz and a Clausing
factor of 0.502. The second type of Knudscen cffusion cell consists of a sirgle piece
of graphite 1.8 cm In length and 1.3 cm In outslde diameter. A 0.48 cm lung graphitec
plug with a cylindrical hole drilled through its center provides the orifice. The
orifice area 1s 0.027 cm? with a Clausing factor of 0.385.

Total mass-loss Langmulr vaporization experiments are perforned with an SiC single
crystal wafer slttlng ip a graphite linlder. The crystal and holdsr are seat-d in the
cantar of 4 watar-coolsd cddyoassenl concentsator va o Voestg o putvs ling naenhion
The current concentrator is coupled to induction coils from a Lepal 20 W induction
heating unit. The crystal surface temperatur: is weasured by slihting a Pyro cptical
“pyrometer through a quartz window located at the top of the concentrator onto the
crystal surface. The mass change of the crystal after heating for a given time period
13 detarmined by removing the crystal from the concentrator and weighing 1t on a
Mettler pan micro-balance.

C. Data Treatm=nt

Ton inlensltles from the SiC Knudsen of usion stwlics are converted o absolute
partial pressures for cach vapor specles assuninyg the lon transaission efficicney of
the mass filter is independent of m/e; uslnr Loe resalts of a separate Knudsen ceffusion
vaporization of gold from a graphlte cruclble, and uslng the relattion

M CAull(_"_Yh)Au
(eY i),

where P is the pressure of mo1ecu1ur specics u wlth measured lon Intenslcy T3
the instrument sensitivicy; T Is the thermndfndmLc temperature; y 1s the clectron
multiplier gain; f is the Isotoplc abundance; 1 1s an cmisslon current correction
factor; and o is ‘the calculated ionizatlon cross-section at the worklng electron
cnergy. The fustrument sensltivity, C, , 1ls obtained from the pold vaporization
experiment and the known vapor prassure of gold. (18)

C-Au is

Vapor pressures obtalned using cquation (1) are [itlted to the relation
(o] o
(2) R In(P/atm) = -aH/T + a$

by i leuast-squares, caiculatlon. Second-law values of AN (298) and AsY(298) arc
calculated by n z evaluation of the vapor preasures.(lY) Third-law values of
AH%(298) are obtained in tHe usual maaner. (20)

Time-independent ion Lntensliles From the single crystal Langmulr vaporlization
studles are [itted to the relation

(3) RIn(IT) = - aH/T + Constant

by a least-squares calculatlon. ‘The quantlry All* 1s rthe activatlon enthalpy chanuve
for the vaporizatlon process. The stmllac form of cqu lona (2) and (3) permbits



. * . .
al* and All® to be compared to yleld an enthalpy barricr, AH" - AHO, for the
kinetically slow step(s) 1n the vaporization process.
4. Expcrimental Results
A. Knudsen Effusion Mass Spectrom surements on the SiC-C System
The most important vapor molecule in +C-C system over the experimental
temperature range of 1835-22A4% i Found to e SL(1) with Sia0:(1) ard ﬂlﬂnfﬂ) hains
hH— cegn st inpostant moleculss Only toace sxocar s o cheosasabhle G600, ”iz":lt),

(g), and 81,C(g) are detected to be present at 2275X. MHass spectrum peaks
atgributable td ions 0f other s1llcon or sllicon-carbon molecules are not detactod.
These results are in accord with the mass speclrometer results of Drowart et al. (10).
X-ray analysls of the solild product remalning aflter complete vaporlizatlon af silicon
shows 1t to be graphite.

Temperaturc coefficlent plots for Sit(m/¢ = 28), SlCz+(m’o = 52), and Qi?L+(m/u;63)
are shown in Figure 4 for a typlcal nass spectrometer cxperiment uglng a graphite
¢ffuslon cell with a 3 x 10-3 ¢m? orifice arca and 325 m=sh SIC powdar., For this
part ifcular experio nl, eleckron co: rp.ts ol Ii vv ar. vsed Jor the Sitointensily
measurcments and 15 cv for the SLLZ and Sizc measurements. An emisslon currunt of
2.0 mA 13 used for all the measurements.

Figure 4 shows atteanuatlon of the sit SLZC+, and SL(, intensltiva atr Lhigh
temperatured. Thls behavior 1g¢ helicved lo be caused by intramolecular scartering din
the molecular beam. Ion inteasity attenuation caused by intramolecular scattecing as
predicted by a model develeped by Meschi(21,22) is Indicated In Figure 4 by the
dashed lines. Tae total vapor pressure laside the SiC-contialnlng graphite Knud:sen
cell at which attenuation 1s first observed is In good agrecaent wich that prodfcted by
Meschl's model. However, agrecment between the magnitude of the observad atlenuation
and that predicted by Meschi's model is only qualitative. Thls dlscrepancy may he
caused by incorrect assumptlons contained in the model, incorrect assumptions
councerning collislon cross-sections for Si-C molecules used in the calcvlakiona, or
by an added contribution due to scattering of molecules in the molecular beam by
background gases.

To assure that the ochserved ion Intensity atteauvation L8 not caused hy sore
anomalous behavior of the mass spectromeler or by vaporization klnetlc problens
(e.g. solld state diffuslon of silicon 1s determining the vaporization rate at hizi
remperature), vaporizatlon of molten gold from a graphite Knudsen_cell was studiel ot
temperatures where the pold vapor presdsure i3 on the ocder of 107 10' atmoaphoc s,
A temperature coerfficient plot for thls cxperiment ja shown in Figure 5 5{(data 1re t:1ken
using 20 ev clectron energy, 3.0 mA emlsslon current). Attennatlon of the Aut
(m/e = 197) intensltlas starts at gold vapor pressures prodicted from Meschi's modal
(ahout 5 x 10-4 atmospheres). The magnitude of rhe attenuatlon is alse comparaplea
to that predlcted by the model.

Measured partial pressures of Si(z), SiCy(g), and Sl2C(g) are found to dep-nd
on both the SiC particle uize and the #1ze of the Knmudsen coell oriflece.  SLC powdlar
pround to 325 mesh (44 mlcron) and vapurized from a Lnudsen cell with a 3 x 10=7 ca?
orifice nrea flves the hlighest measured vapor pressusos. A coavsely erushod haxa ional
S5IC single crysatal vaporlzed from the crucible with a 7 x 1077 cmz orlElee atea pives
partlal pressures 90 percent below vapor pressmnres nhr|l1 ul with the 125 mesh Hdmw'uﬁ.
Vapor pressures measured uslng 200 mesh SiC pewder and a erucible with a 0.027 cm“ oriflce
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arca are 65 percent low:r than thuse obtained uslig the 325 mesh powder in an
cffusion cell with a 3 x 1073 cp2 orifice area, Samplcs of 200 mesh S!C powder
vaporized in the c¢ftusion cell wlith an 3 x 10-3 em2 orlfice aren flve measured partial
pressures the same as obtalned with the 325 mesh samples.

Because of the orifice and particle slze cffects, thermodynamlc quantities for
SiC vaporization are calculated using data from those cxperiments wlth 200 and 325 mesh
SiC powder and a 3 x 10~3 cm? orifice arca. Second- and third-law enthalples of vapor-
ization at 298K for the reactions
1. Sic(s) = Si(g) + C(s)
2. SIC(s) + C(a) = SiC,(g)
3. 2SiC(s) = Slzc(g) + C(g)
are summarized in Table 1. These values are obtained as deacribed in Sectlon 3-C
and using JANAF(6) free energy functions. Vapor pressures computed using the present

third-law enthalpy changes and JANA¥ free energy functions are given In Table 2.

B. Mass Spectrometer and Total Mass-Loss Langmuir Vapurization Experiments

Two masa spectrometcer experiments, performed over the temperaturc range 2200-
2500%, investigatcd the Langmuir vaporization l[rem the (0001) basal plane of e
separate SiC single crystals. Shutterable lons observed are sit, sic +, and Sict.

Ton intensitles are found to be independent of time after an initial faduction period
during which the intenslty of Sit (and presumably SiCz+ and 512C+) incceases with time,
The steady-state Sit intensity 1s a factor of 1.5 higher than that nicasured derlng

the inltial stages of heating. At 2400K measured steady-state ion inicasitles are a

factor of 80-100 lower than fIntensities extrapolated from.those measurcd In the RKnud sen
cffusion experilments.

The measurrd temperature-dependence of Sit and SiIC intensitles yield activatlon
enthalpies of AH¥(2350) = 141.6% 2.7 kecal mol-l for St%g) and AU*(2350) = 166.2 3.5
kecal mol~1l for 8iCy(g) sublimation from the (0001) plane of hexagonal SiC. Comparison
of these actlvation enthalples with the corresponding equilibrium cathalpleas obta]ned
in the present work, AH®(2350) = 111.3 kcal mol~l and AHO(2350) = 143.7 k({-al mo1~1
respectively, gives enthalpy barrices of 30.3 kcal mol™ =) and 22.5 keal mol™' for 3[(3)
and SlCz(g) sublimation.

Results of a total mass-loss Langmulr vaporization study of the SiC (0001) face
are shown for one experiment conducted at 2498K I(n Flgure 6. The results show tha: the
total mass-loss 13 time-dependent during the entire course of vaporization (L.c. from
initial heat—up until all the sllicon 1is vaporize7 from the crysatal). Figure 7 shows
the mass-loss data of Figure 6 plotted against t1/2 [ndicating a parabolic time-
dependence- Flgure 8 shows Lhe time-dependenice of the apparent fluk
vaporizing from the (000L) crystal face calculated Erom the data fhown in Figure 6.

It should be noted that the flux measured initially (0.31 mg mln™ " cm ) 1l a factor:
of about 10% helow the equlllbrium flux of SL(g) at 2498BK, and that durlng the 1300
minute vaporization, the apparent flux drops by a factor of four. Tha flux then
immediately drops to zero at whlch time it is believed that the sillcon 1s completely
depleted from the crystal.

The residue formed on the $1C single crystal substrate was Investigated using
X-ray dLffractlon and scannlng clectron mlerosconv (SFM). X-ray dLEfraction scans
show the residue to be graphite. BRroadeningz of the 002 and 004 graphite diffraction
peaks Indicates the grophlte surface to be composed of small graphlte crystallitos,
Scanning electron microscupy :shows no potes to be present at magn!ELeations of up to
50,000X.
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Table 1. Comparison of Vaporization Enthalpies for the SiC(hex)-C System

Reactlon All°(298),secoi|d-1aw AHN°(298) »third-Taw
(kcal mol~1) (kcal mol~l)
This Work Reference 10(“) This Work Refcrence_lg(a)
SiC(s) = Si(g) + C(s) 114.2%2.1(b) 136.9%0.7(b) 115.2%0.8 124.6%0.3
25iC(s) = 51,C(g) + C(s)  162.4%2.1 169.6%7.5 145.3%1.2 161.3%0.5
S1G05) + C(a) = SiCy(3) 169.0%6.4 163.129.4 K Ly A 163.6%0.4

(a) Recalculated from partlal prcssures reported in Teoference ]ll'-ﬁ:iﬁg; JANAF free
energy functions.
(b) All uncertainties are quoted as one stancard deviation.

Table 2. Co.parison of Calculated Equi. _rlum Pressures in the S1C(hex)=C Systenm

Molecule T(K) P(atm) (a) P(actm) (a)
This Work™ Reference 10
S1 1800 1.2 x 10:2 8.7 x 10:2
2000 2.9 x 10, 2.7 % 10_,
2200 3.8 x 10 4.b % 10
sic, 1800 3.6 x 1005 1.5 x 107
2000 2.3 x 10_¢ 1.3 x 10,
2200 6.6 x 10 4.7 x 10
§1,C 1800 1.2 x 107, 1.3 x 102
2000 5.7 x 10_, 1.0 x 10_]
2200 1.4 x 10 3.5 x 10
P 1800 1.4 x 1078 9.0 x 10
total 2000 3.7 x 107, 2.9 x 107;
2200 £.9 x 10 5.2 x 10

(a) Calculated using third-law values of All°(29-‘%) given in Table 1 and  JANAF
free energy functlons.



-11-

5. Dlscussion

A. Knudsen Effusion Mass Spectrometer Fxperiments

Over the temperatur: range 1800-2200K cquillibrium partinl pressures of Si(g),
8iC3(g), and 512c(g) above S1C-C measurced iIn the current work are higher than pressurcs
reported by Drowart ct al.(10) by factors of 10-15, 15-25, and 40-90 respectivcly.
Accordingly, total vapor pressures of the present work are a factor of 10-15 higher
than those of Drowart et al.(10). Present total vapor pressures cxtrapolated to
2800-2900K are in excellent agreement with tntal pressures measurced at these temp-
eratures by Ruff and Konachak(3) and Ruff and Grieger(Y).

Table 1 shows excoellent agreement betwesn preacat czemd= and thiel=law valuess of
A% (298) for reaction (1). Agreement buotwe:n second- and thlrd-law enthalpies [or
rcactions (2) and (3) is not good, the recond-law enthalpies heing 17 kecal mol~1! lowar
than the corresponding thlrd-law values. The rcason for thie discrepancy Js not known.
Note, however, that the pres:nt second-law cnthalpies for reactions (2) and (3) are in
good agreement with the corresponding third-law enthalples reported by Drowart ct al.

The enthalpy of formatlon of SiC(hexagonal) at 298¥ romputcd from the present
third-lawv cnthalpy change for reaction (1) and the cnthalpy of formalion for Si(g)
glven in the JANAF tables, 107.7 kcal mol-1 at 298K, 1a -.'.5 kecul mol~l. This value
is 9.4 kcal mol~l more positlive than that rerommended hy JANAF. The JANAF value is
basued on the enthalpy of reactlon for SiC(hex) + 4F2(g) = S1F, (g) + LI, (g) measured
by fluorine bomb calurlmetry. However, an accurate enthapy QE formation for SIC
neasured in this manner depends on accurate enthalpies of formatlon for SiF, (g, and CFA(g).
We helieve the cnthalpy of formation of S1F,(g) to be sufficiently uncertaln so as to
raise serious questlons rcgarding the relinﬁillty of the JANAF recomnuuded value Llor
the cnthalpy of formatlon of SiC.

Enthalples of"formation for S1,C(g) and SI1C,{(g) are cumputced to be 130.3 kcal mul_]
and 144.6 kcal mol ~ respectively using the preseéent third-law enthalpy changes for
recactions (1) through (3) glven in Table 1. These are in excellent agreement with
values recommended by JANAF basced on the mass spectrometer results of Drowart ct al.(10,12),
128 F 6 kcal mol™t and 147 * 7 keal mol~! respectively.

B. Langmuir Vaporization Experiments

Activation enthalpy barriers of 30.3 kcal mol™t for Si(g) and 22.5 kecal nol~! for
8iC,(g) vaporization from the SiC(hexagonal) basal plane lead to vaporization
coefiiclents of 1.5 x 10~3 and 8.1 x 10~3 ruspectively at 2350K 1f 1L is assumed there
are no corresponding entropy barrlers for the kinetically-slow step in the vapor-
ization process(i.e. £18° = 45*),

The time-independent s1t and $1C.* intensitics observed in the 1asa spectrometur
Langmulr single crystal experiments sﬂow that the porous graphite layer formed as a
result of SiC decomposition has little or nu affect on the tramsport rate of Si(g) and
siC,(g) from the crystal surface. The parahollc time-dependence of tha total mays-—

loas observed in the mass-loss Langmuir experimants is believed to be due to a decrcase
ic the surface area ot the single crystal as decomposition proceeds and not due to a
diffuatun—cont;olled rate-limiting step in the vaporizativn procesa. A time-dependent
decrease in 81, SiC +, and 5§1,Ct inteasities duc to a decrease in the single crystal
surface arca is not txpected to be observed in the lLangmulr mass spectrometer exper!{ments
as only 2 small portion of the vapor flux from ti:e conter of the SIC crystal surface

1s sampled by the mass spectrometer.

A slmple wodel used to calculate the mass-losg of a cube with a surface area
decreaslng with tinme gives mass-losses In quallitative agreement with thoae obsarved
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experimentally. The data shown in Fligure 6 best fit the .odel at short times
(t<<500 minutes). At longer times, the model predicts a too-slow decrciase in the
surface area with time and hence too-fast a loss of materilal in comparison with the
cxperimental data.

Details concerning the mechanism for the decomposltion of Si1C cannot bLe presented
at this time. However, on the basis of a modcl developed by Searcy for endothermic
decomposition reactions which form porous solid recaction products, the preliminary
vaporization data and SEM results rcported herc indicate that either a chemically
activated mechanism of surface diffusion or a step involving the gaseous reaction
products 1s rate-limiting(24,25).
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