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Abstract

The high temperature oxication of silicon carbide occursin either a passive oractive mode, depending on
temperature and oxygen potential.
Passive oxidation forms a protective oxide filmwhich limits attack of the SiC:
SiC(s)+ 3/2 O,(g) = SiO,(s) + CO(g)
Active oxidation formsa volatile oxide and leads to extensive attack ofthe SiC:
SiC(s) + O,(g) = Si0O(g) + CO(g)
Thetransition points and rates of active oxidation are a major issue.

Previous studies are reviewedandthe leading theories of passive/active transitions summarized.
Comparisons are made to the active/passivetransitionsin pure Si, which are relatively well-understood.
Critical questions remain aboutthe difference between the active-to-passive transition and passive-to-active
transition.

For Si, Wagner[2] points out that the active-to-passivetransition is governedby the criterion for a stable
Si/Si0, equilibria andthe passive-to-active transition is governed by the decomposition ofthe SiO,, film.
This suggests a significant oxygen potential difference betweenthese two transitions and our experiments
confirmthis. For Si, the initial stages of active oxidation are characterizedby the formation of SiO(g) and
further oxidationto SiO.(s) as micron-sized rods, with a distinctive morphology.

SiC shows significant differences. The active-to-passive andthe passive-to-activetransitionsare close.
The SiO,rods only appearasthe passive film breaks down. These differences are explained in terms ofthe
reactions atthe SiC/SiO, interface. In orderto understandthe breakdown ofthe passive film, pre-oxidation
experimentsare conducted. Theseinvolve forming dense protective scalesof0.5, 1, and 2 microns and
then subjectingthe samples with these scalesto a known active oxidation environment. Microstructural
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Critical issues

— Transitions: active ©passive

— Rates of active oxidation

Unexplored area: Focus of this study
— Hysteresis for SiC: active to passive and passive to active
+ Breakdown of passive film
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Wagner: Active-to-Passive Transitions for Silicon [2]

Oxygen strikes a bare Si surface, gradually increase P(O,)
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Generate sufficient SiO(g) from reaction (a) for stable Si/SiO- equilibrium reaction (b)

Si(c) + 72 O5(g) = SI0(g)  (a)

Si(c) + SiO4(s) = 2Si0(g) (b) SiO,

s

phransition_ 1 [Dmo]ﬂz P (s
e L

studies show that SiC/SiO; interfacial reactionsleadto a breakdown ofthe scale with a distinctmorphology. HanRnEn < DO?
2 ) ]
4
Extend to SIC
N N o o Experimental Approach
»  Critical Condition for SIC/SIO; equilibrium [4, 6] Silicon: Active-to-Passive Transition SiC: Active-to-Passive and
_ . + S s + . “ i i
SIC{s)+ SI0-(8)= Cle)+ 28I0H) S i B e i Passive-to-Active Transition
— or SIC(s) + 2Si0y(s) = 3Si0(g) + CO(g) e S T ol o arting vateria’s |
_ _ _ Y Y v v « Semi-conductor grade Siand CVD T
— or 2SIC(s) + SIO,(s) = 3Si(s) + 2C0O(g) Flowmeter (4 SiC - Slow ? e
. . Tu1200C i 1480°C 97 x 10" bar Sy 104
« Comparison to experimental data [6, 11-15] O | + Quartz tube, hangwire; no alumina " )l 0 e MAr b | AR e ) |
1600 1400 1200°C [ 1 FRO5T to prevent contamination [16] . i E"’ s
HOOG#08 : : -—-Sr‘.‘.‘?l’-‘ll‘:ﬂmfnnmwl} Giass bead gas mixar E [ 5.?1111?‘{ Batati .E--II:I %42
- i einssdobin Capaciance Thermogravimetric system Y Sl TT T LU £ Repid ;ﬁ' :
| T, mmme BG4 502 8 2380 + C & X " o
[ ey » Gradually increase or decrease . ) vospe- | &
1.00E-02 | \::‘1{:-_.,:-“'%,_‘_ - Roana et Al = S O, inAr 25
T _““ -1.___“‘ 8  Gulbranson at al /' . . N o . o : e : a8
- S S I = E—— Active-to-passive transition: Weight = —p——t———— R
£ooe "IN AN < B loss stops ) Sow —= T T . R N T
S L REE & N R Sl i . . e : SHOgH+ 12 Oalig} —= SI0; i —_—
£ el S, s » Passive-to-active transition: Weight I =
S 100E04 |° iy SR ST Y ] Fumace i Active-to-Passive transition for silicon T
g " By * el « Initial rapid regime oo jrowesnogy=<an Active-to-Passive Transition Passive-to-Active Transition
_ . . N ow - O} + 12 Oslg) —e- S5 + Oxygen potential lowered until « Oxygen potential raised until
1.00E-05 - —— : » Rods of amorphous SiO | ot 38 o —e- 50
S F’re.!—oxuleatlon studies o Ca Rt b},rpm echanisf‘n toFiht passivity reached active oxidation begins reached
o I it . S'Qz films grown on SIC in a clean + of Hinze and Graham [6] | e + Instantaneousresponse » Time lag is significant
B environment [16] g
e ssoco ogtes s e Microstructural examination rode e Sig' EO?r? v imp?rtant mameret e
] iO(g) generation e e
: « FE-SEM (Hitachi S4700) 6 ! .
SIC: Passive-to-Active Transition
Effect of Pre-Oxidation on On-set of Active Oxidation at 1500C/100 ppm O, in Ar/400 sccm
: i n ey . . . 0.4
SiC: Active-to-Passive Transition Pre-Oxidation and the Breakdown of the Passive Scale
P(trans) P(trans) v 2 hl d0.95
Temperature expt calc” _ _ _ . j’rF'rE—Tcr 0.95 mictons
1490 963E-04 2 12E-04 « Experiment: Form 0.5, 1, 2 micron SiO, scales on CVD SiC [17] -~
1490] 7.92E-04 %
1390, 1.05E-04{ 141E-03 _ _ _ _
1390l 1.05E-04 « Expose to known active oxidation environment (100 ppm O,-Ar/1500°C) o~
» Determine how the passive scale breakdown T~ icrons _
AN il I \V
. . $ an ' i
« Oxygen potential is gradually increased T : . : i < a4
i _ 1 N « Gives insights into the passive-to-active transition 2 06 & & 1N
« Initially SIC + %2 O,(g) = Si (c) + CO(Q) & v ¥ |
5 ; 100 hr Pre-oxid 1.94 microng
« AsP(O,) is increased eventually enough CO(g) to satisfy the i |
cofy : No Pre-oxid '
equilibria: e
. . . « Oxygen potential is gradually decreased
o -+ = -+ . . : —
2SIC(s) S'_Qz(_s) 3Si(s) +2C0(9) « SIC and SIO, react . |
— *Above equilibria used to calculated P(trans) SiC(s) + 2Si0O,(s) = 3Si0O(g) + CO(g) -
— Oncethis condition is met, a passive SIO,film Is formed. b SI0O(g) + 72 O,= SIO 1.2 i
2 _ _ ; 2 2
« Consumption of SIO(g) ‘pulls’ reaction and generates more CO(g)
« CO(Qg) builds up pressure and lifts and removes scale % 1.4
2 i 0 1 2 3 4 5 6
Time (hrs)
Breakdown of Passive Scale Etching/Pitting of SiC Summary and Conclusions References
) . . . 1z Jacobson, M., Corasion of Silicon-Based Ceramics in Combustion Environments, Journal of the American Ceramic Society, 1993, 76(1);
» Active oxidation of SiC:; p.328
: ' 2. Wagner, C., Passivity during the Oxidation of Silicon at Elevated Temperatures, Journal of Applied Physics 1953, 29 p. 1295-1297.
— S|C(S) + % Og(g) — S|O(g) + CO(Q) 3. Singhal, 3.C., Thermodynamic Analysis of the High-Temperature  Stability of Sillcon Nitride and Silicon Carbide, Ceramurgia International.
2(3): p. 123130,
4. Gulbransen, E.A and Jansson, 5. A, The High-Temperature Oxidation, Reduction, and Volatilization Reactions of Sificon and Silicon
: ’ ; ’ Cathide, Oxidation of Metals, 1972, 4(3); p. 181-201.
* UnexplOrEd drea Is the dlﬁerence bemeen the aCtNe_to_passwe and a. Turkdogan, E.T., Griewveson, P., and Darken, L. 5., Enhancement of Diffusion-Limited Rates of Vaporization of Metals, The dournal of
i _tr_ i i+ i Physical Chemistry, 1963, 67(3): p. 1647-1654,
paSSIVe tD aCtW'e tranS|t|0n for SIC G. Hinze, J.WY. and Graham, H. C., The Active Oxidation of 5iand 510 in the Viscous Gas-Flow FRegime, Jourmal of the Electrochemical
Society, 1976. 123(7); p. 1086-1073.
7. Mickel, K.G., The Role of Condensed Silicon Wonaxide in the Active-to-Passive COxidation Transition of Sitcon Garbide, Joural of the
& Active_to_passive tranSition Eurapean Ceramic Society, 1992, 901 p. 3-8.
_ . ; , _ st 8. Balat, M.J H., Determination of the Achive-to-Pasaive Tranation in the Oxidation of Silicon Carbide in Standard and Ak Journal of the
— Aftain sufficient P(O,) to establish the SiC/SiO, equilibria . EULDP?;”C;WQE ﬁﬂcftr-fglﬁ; "ﬁéﬂrg-ﬁfm | Comonalde A A Theeniost and Exomimemal Aronch 1o the Actives
; chneider, B., Guette A, Maslain, R., Cataldi, M., and Costecalde, A eoretical and Experimenta roach to the Active-to-
Fasaive Transtion in the Oxidation of Siicon Catbide, Jourmal of Materials Science 33, 535 {1 BISEEJ. i
Thinning Lifting perE 1E.Dt¢v_19_znmx605E[L] p— N 1'r4n| i su:h-m 15&?‘9_2';“;('&5';[“ 2.!'1?.rzlﬂ1l1 g ik e b .m o Passive to active transition 10, gg;r;,;‘:l.;;::g) TE;EDDEDE,]T., Mass Spectrometric Study of Oxidation of 5iC in Low-Pressure Oxygen, Jourmal of the Electrochemical
1. Waughn, W.L and Maahs, H.G., Active-to-Fassive Transition in the Cxidation of Siicon Carbide and Sillicon Nitride in Alr, Journal of the
' ' ' ' — Scale/substrate react and SiO roduct removal ‘pulls’ reaction American Ceramic Society, 1990. 73(6): p. 1540-1643.
¢ Reglons Of SIOZ Scale remDVEd from SIC! Oﬂ:en das CIrCUlar areas SC P 280 380 (g)+pco p 12. Zdarushlim?t,hT_ ;eft aI:, Hagch-Temper;w.fet,ﬂ.ﬁg;? %}:’ﬁ.ﬁl-jt;'on ogggsr;;%gw Vapor-Deposited Sillcon Garbide in an Ar-Cs Atmosphere,
- : . e ournal of the American Ceramic Society, : L p. - .
" Edges Of SpaHEd dreas prOVIde Clues Of mEChanISI’n I (S) I E(S) L, SIC) (g) V C)(g) SC} 13.  Rosner, D.E. and H.D. Allend orf, High-termpersture Kinetics of the Oxidation and Nitvidation of Pyroldtic Siicon Carbide 1n Dissociated
; i _ : | + 5 = | Zases, The Journal of Physical Chemistey, 1970, 74(9): p. 1829-1835.
e SlC(S) ¥ 28'02(8) — 38'0(9) + CO(g) ° CIFCU|EIF FEQIDHS Where SIC ex pDSEd (g) 2 2 14, Keys, LH., The Cxidation of Siicon Carbide in Properties of High Temperature Alloys with an Emphasis on Environmental Effects 1977
; ’ Electrochemical Society.
= SI0(g) + 72 O, = SIO; - Grain boundary etching . Examine pre-oxidized SiC to understand breakdown of SiO, scale 6 Seaitaetil el doiendistacs Bl tndilei gt 8
. . . . . . lla, E., infivence of Alurinag Heaction Tu rLrties on the Chadation o ermcally- v apor-Deposite heoh Carbyde, Journal of the
« Reaction leads to scale consumption, CO(g) generation leads to « Often large pits in center American Ceramic Society, 1895, 78(4) p. 1107-1110. TR
|ft f | 17, Ogbuji, LUJT. and Cpila, E. J., A Companson of the Oxidation Kinetics of 500 and SiMy, Journal of the Electrochemical Society, 1995,
[Tting or scale 74 Fi i 142(3): p. 925-930, i



mailto:nathan.s.jacobson@nasa.gov�

	Slide Number 1

