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Abstract

fthes work the lugh temperatine degyadation of o
Mool "o SiC whisker vemforced A0 m T at
0= 100 C o was mcesngated  Morphologieal
changes associated with seale ecolution midieated thai
o gl porons seale consisting of ndlite and glass)
phiases s tovmed durme Hy exposie I particular
g owads fownd  that the mner miterface of  the
vcale unreacted matroy was not planar but exinbited
come degree of voughiess Futhermore, seale thick

ey measurements it e followed a nearl
parabolie trend A OO Cothe St Avano o the seale
qrtuce conuststenthy imcreased with tmie up to oy
maxunnmr Ao, af o gien e, a4 concentration
profle e the St Al ranos avas found 1o detcelop
penveen the wmer and outer seale wierfaces Tl
npgested thar a Seoriel plassy phase was continnall
qonced to How frome the reaction front to the scale
urface,

o der vorlicgenden Avbert wird die Hocliterper aiin
desradiernng o vne 3099 SOl iskern verstarh
et ALO Coremer Hy Annosphare ber 1300- 100 ¢
antersucht  Morphologische Veramderungen m e
omdung it der Entwck oy der Zunderselueht
wassen selihefen. daft sich cme hochporose Selueht,
oestehend aws Mullie ind ciner Glasphase, ber des
Dimvesenhert H, hildet Ev cewte sich, dafy
vesonders  die Grenzflache -waisehen der Zunder
whicht wnd der viceranderten Matris anicht cben ist,
condern eine gewasse Rahert aufwewst Ferner zetgie
das Selnehovachstun cm nahesin parabolisches 1'en
nalten Ber 100 C overgrofferte sl das Sl
Verhialtins dementsprechend nnt der Zew bis 2iemem
Viavimaan Wewerlun crgaly sicl e Konzentrations
porofil m St AL Verhalons swselen der mneren wnd
anfieren Zunderselnclitgrenc flache ber honstanter Zeit
Dues degr nahe, daft cme Storeiche Glasphase hon
et hieh von dev Reak nionsfront e Scluchtober

Hache theflon nfy

ron

ALY

Dens co trarad, he deégradation a hante remperati e
dune alunnne enforgée par 30% e rolune de
trichites en StCoa ete ctidice entre T30 e 1500
sors Hy Lesnodifications mor phologigues associées
alevolutions didopor e cowns de traitenment mdwgieent
qucnn depot hantement porens consistant e de
mudhite et de la phase citrense 1osulie de Fexposttion
sous Ho Fnoparticndior, o a obserce qiee oter face
miterne entre le dépor et la matiiee mtacte {ion
PeAgie ) iw'est pas plant nuas présente i cetant degre
de rugosite De plus, les meswes de Cangmentation
deparssenr o dépor e leoremps sucent e
tendance presque parabolique 0 DYOGCole vappont
S se developpe entre les uitertaces aiterne et
externe didepor, Ce fart suggere gu'une phoase Citiense
viche en siliee est contimelloment forede a nagrer du
fromt de veaction vers la surface di dépot

[ Introduction

Inrecentvears considerable interest has been placed
in the deselopment of stractural ceranies tor hagh
temperatue applications  Ino partcular, conven
tonal ceramnes remmforeed by SiC whisker additions
exhibit substantial upgradimg of thenr mechamcal
properties, Among these composites, SIC remforeed
alumma displavs signmificantimprovements i tough
ness 'Y creep stiength, Y wear and thermal latigne
Nevertheless, these composites are not stable
oudizing” " or reducmg' atmospheres Fui
thermote, the scale product v not thermo
dyvnanucally inoeguiibiium wath the surrounding
alumma matrs Thus, addiional reactions ate
found to occur” which melude the development ol
elassy phases and mulhite in the scale product.
The kinetic aspects assoctated with the onidation
of SICoremtoreed alumina have been mvestigated by
vartonsauthors © 7" Nevertheless little is known on
the material stability in hagh temperature hvdrogen.
Kim & Moorhead'"' recently found rhat at a piven
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temperature, a critical water vapor pressuie has to
be exceeded for auchive oxidation Moreover, rela

tvely Tow vapor pressures (P(H,0) - 107" MPa)
resulted i severe werght and stiength losses Under
these condittons S1C etching, by lowmyg hydrogen
wis considered as the relevant degradation mechan

imim o A relatively ligh water vapor pressures
(P(H,0) -5 « 107 MPa at 1400 ), Kim & Moor

head'' found sigmificant weight increases which
were associated with the development of a surface
scale Also, the weight pam exhibited o parabolic
frend X Ray difliacton and microstructural evalu

ations ol the seale formed imdicated the presence of
alummosihicate glass and mullite: Nevertheless, the
mechanstie aspects of the degradation process are
not clear and further work 1s needed in this area In
the present study, H, degradation of o 30vol.",
SIC whisker remnforced ALO at [300-1500 C was
investigated  In particular, possible degradation

reactions are suggested to explamn the experimental
outcome ol the scale evolution

2 Experimental

The mvestigated material was supphed in the form
ol slabs by Advanced Composite Matenals, and 1t
consisted of alumma remflorced with 30vol.? o SIC
whiskers  Energy  dispersive X ray  analyses
indicated the presence ol Fe, Na, Ca, and K traces
this material Specimens of 6mm » 6 mm - 4 mm
were cut and then exposed to ultra ligh purity
Aowmg H, at 1300-15000C for vanous periods of
tine The gpas was fltered through CaSO, und
alnmima betore Aowing mside o resistunce heated
horrzontal alumma tube turnace The H, fow
pressine used was shehtly above 01 MPa Weight
changes as a function of time and temperature were

Fig I SEM mucrographs ol surface scale alier hydrogen exposure at 1500 for (a) Th, (b) 6h, () 24 h and (d) 48 h Notwe the
developmient of needle ke mullite (6 by as well as newly nocleated mullite grams and porosity (241 and 48 h)
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measured moa highly sensitive microbalance This
wis tollowed by scale thickness measurements using
optical means, Since the scale-matrix interface
exhibited some roughness, thickness measurements
were made from the external surface to an average
mner nletlace  Scannig electron microscopy
(SEM) waus used (o mvestigate the morphological
changes occurrmg m the scale regons, whereas X
ay diTraction was used for evaluations of phiases
and scale composttion Finallv, cross sections ol
oxidized specimens were etched by exposing them (o
nolten KOH (ot approsimately 105 belore they
were examined

3 Results

1.1 Scale evolution

The morphological aspects of scale evolution in H,
11500 Cwere lollowed by SEM and optical means
Accordingly, it was found that alter exposure at this
temperature tor Th,a scale had alieady developed
Fig Han Exposure to hydrogen for o h gase tise (o
necdle the mullite (Fre (b)) and some degree ol
porosity Further Hy exposure for 24 h(Fig 1o)) led
(o o porous scale with newly nucleated mullite
erans In parncular, long exposure times (48 h) pasve
fse toovery Bne mulhite grams and relatively high
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Fig 2 X Ry difltaciion patterns representitive ol the com

postle belote and alter exposure (o Ho Tor varons tmes

100 C ) as recerved and (b 48 b Mulliie peaks (l) aluonnma
(A) whcon carbide (@), and Stnich phase t+0)

whisker alunmima ARYY)

(a)

Fig. 3 Optcal nucrostaphn of soale cron sections showimyp

mullie ename sirounded by merconnected pores ilied withran

amorphons vlassy phae Notice the wass appearanee ol the
et mterhace

porosty at the gas saale interlace (kg Hdpy X Ray
dilliaction meastrements (Fig 2y confirmed  the
presence of mullite after Fliat 1500 C concuenth
with ALO G and SiC A Stnch phase was also
detected, but the peaks were too weak to be clearly
resolved No evidenee of SiComn the seale was found
alter expostire tmes meeacess ol That 1500 ¢ An
exanmimation ol the cross section mdicated that the
mner scale matiy nterface was not planar bul
exlubiied o wavy profle (Brg 3 In partcular, SEM
observations (Fig 4y ol the seale matns mterlace
tevealed aoscale made up by iine granms and pores
with a glassy phase Forthermore, shght scale
etchimg removed some of the alimimostheate phase
and exposed contimuous strmgs ot pores (Frg Sta))
Heavy erching completely removed the glinsy phase,
asshown m Fre Sty Teaving a highly porous seale
uncovered

St AL tatios i the seale surlace at 1500 € were
determined rom encrgy dispersive Xorav analyses m
the SEM as a finetion of time T was Tound that
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Fig. 4. SEN micrograph of the seale matris interlace alter 48 h
at 1500 € showing the development ol fine seale grams as wellas
uncovered porosity

these rutios successively increased until an almost
constant ratio was reached (Fip. 6). Moreover, at a
given time (25h), the Si/Al profile exhibited a
continuous reduction from the scale surluce to the
saitle matis interface (Fig 7) Plots of scale thick-
ness versus (ime idicated that the oxidation process
evhibited a nearly parabohe trend (Fig 8a) Finally,
no mass gamn was found in specimens exposed to
tempetatures of 1300 C tor Th (Fig 8b)

4 Discussion

According to Kim & Moothead."" active oxidation,
and hence the development ol o scale, 15 strongly
mfuenced by the actual water pressures Although
the H, gas employed in this work was of ultra high
purity, apparently residual water in the gas was not
effectivelv ehmimated Fischman er al ' using the
SOLGAMIX PV conmputer code'* predicted that
28 ppm by volume water in H, 1s sulficient for active
oxvidation of S1IC to SiO(e) and COL) Accordingly,
the indmgs of mass gain and a surlace scale of this
work indicated that water vapor pressure conditions
for active oxidation were present. In thiscase, Kim &
Moorhead!" sugpested the following reaction.

SIC,(s) + TH,O(2) = S10,(s) + CO(g) + H, () (1)

Nevertheless, other reaction products are hikely (o
[orm such as SiO() or CH(p). Moreover, kineti-
cally, 1t 18 expected that the scale will be rate
controlled by competitive trunsport mechanisms
through the scale thickness Under these conditions,
reduction reactions effectively compete with oxid
ation reactions in the resultant scule product

Fig. 5. SEM nucropraphy alter Hyexposare at 1500 Clor 48 D

() Shizhily ctehed seale eross sections showing partial removal

of plassy phase along sinines of pores and (by after complete

removal ol the glassy phase showing o farge depree ol
interconnected porosity
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Fig. 6. X Ray count rate ratios lor St Al in the pas seale
mierlace alter H, exposure for varous times al 1500°¢
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Amonyg the potentral reactions e
SIC () + 2H () = Sus) + CHip) ()
SIC (8)+ H,O) + Ho(g) = SiOg) + CHe) (3
SIC )+ 2H, Oy = Si0e) + COR) + 2H () (D

Furthermore, other reactions such as the formation
ol alununosilicates are expected to occur

\SI(_)J+l'AI_y()\:AIJ\SH(.):,,\\ ‘5'
along with the formation of mullite:

2510, + 3A1LO, = 3A1L0O, 2S10,  (6)

Under the existimg waler vapor pressuies. aclive
osdation of SiC to S10, at the scale surtace s
espected to ocenr (egn () This s followed by sub
sequent reaction with the sarroundmg alumina o
form muthte moagreement with the SEM and X ray
Jiffraction observations Further exposure should
lead 1o coarsenimg ol mulhite grams on the scale
strtace, as well as to mward permeition ol water
vapor and osidation at the seale matns imterface

[ contrast the scale surlace exhitbits i S buld
up with e whereas at o piven e SiAl
concentration prohle v developed across the scale
thickness  The apparent Sitoentichment of - the
vas scale miterface explins the observations ol
contimuous nuecleatron ol mullite groms, Fui
thermore the St AL profiles across the seale thick
ness suggest that the reaction product consists ol i
solid and iquid nuxture. as supgested by other
workers  This product s loreed to flow towards the
gas oxide mierface througlmterconnected porosity
in order 1o accommaodate volume changes Tinked 1o
ostditton

Although the rite ol seale thickening tends 1o be
parabolic. i agreement with Kim & Moorhead,"!
the mechanistic aspects are not clear Assumimg, that
P(H.O) permeation 15 rate hting  the rale
controlling mechanisms for scale growth would be
the slowest ol () transport ol H Oe) from the
Rowing gas to the seale surtace o (DY transport ol
oxidant through the scale thickness When permea
tion through the scale thickness oate lmtimg, a
Tat matrs seale mtertace should form. i contrast
with the observations ol a rogged mierface The
condrtions tor the deselopment ol wavy scale matry
mterfaces were mvestipated by Wagner i metallic
avstems. ™ Accordmg to s findings a0 plana
alloy osvide mtertice s not stable (f only one
component m the alloy v oxidized, and diffusion m
the allov s slow when compared with diffusion m the
osvide  Nevertheless, e the present case, these
arguments are unable 1o account for the expert
mental onteome

Because ol the complexity ol the problem  the
mechanstic aspects are only deseribed qualitatively
Accordimg (o the lterature ™ " when SiCalumma
is exposed to thermal oxidation a Aatdark reaction
aver develops which s mcontaet with the unreacted
matiy Thas laver s essentially free from porosity
and contains graphitic carbon, as well as partially
dissolved carbides  Also, the external seale faver
consists of mulhite and a glassy phase with some
degree ol porosity Since active ovidation s present
during hydrogen exposure, somewhat analogous
phenomena are expected o account lor the ex
hibited scahing Hence, the major diflerences would
be related (o the slow permeation ol waler vapot
through the scale
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Experimentally, none ol the aforementioned
fuctors were vertfied in hydiogen exposed SiC-
alumma  Hence,  an alternalive  view 15 Lo
consider the eflect of hydrogen on the scale
development Smee hydrogen permeation through
the scale product s relatively Fast, 1t 1s expected that
at the mner tertace, SiIC reduction conditions
might be dommant  According to Kmm'" and
Readey.'" at low P(H,0) and temperatures above
(400 C transport of H,O 1o the sample 1s expected
(o be rate contiolling Hence, the expected water
pressutes in the scale matnx mterlace are far smallet
than those existing at the external scale surface.
Therelore, reactions (2)=6) might be active at the
mner mterlace maccordance with the SOLGAMIX
PV'Y predictions catried out i SiCexposed o
H, H,O mixtutes ' "™ Conseguently, this will lead
to the development of a hqud sohd alumimosthicate
phase which 15 then squeezed out as 1t gets (ully
oxaidized by slowly permeating H ,Oqg)

A simple calenlanion ot the volume expanston
assoctated with the formanion of S0, pives values ol
3 50% for whisker contents ol 30vol ®o ™ This m
turn imposes telatively large compressive stiesses m
the scale repions  Under these conditions, the
untreacted matnx side exhibits tensile stresses which
could lead 1o the development ol ¢racks Neverthe
less. when the reaction product consists ol iquid and
solid phases. the stress build up can be easly
alleviated by squeezing out the hqud phase through
the porous scale This m agreement with obser
vatlons ol a0 contimuons  glassy laver on (he
scale surfaces " * Moreover teaction of the hquid
phase with dissolved alumia leads to new mullite
crams n agreement with Nurishi & Pask-? and
Rana ¢f af *' ol preferential nucleation and growth
ol mullite grans ol metastable hquid alummostheate
phases The extent of mullite formation within the
alominosilicate iquid s strongly influenced by the
imputity content and Armg temperatures In part
culine it s found*? that Na,O mhubits the mullite
teactton, whereas high temperatures and low sihica
to alumina plus silica tatios promote the formation
ol mullite

Under equitibrium conditions, mullite and alum
ina are the expected phases i the scale region
Nevertheless, the Tmited amounts ol oxidant
avarlable [or the development of mullite sugpest that
the scale formed does not reach equilibrium. Henee,
the rate of scale thickenmg 1s mamly controlled by
the rate ut which the Sirich phase is fully oxidized
This m turn depends upon the rate al which walter
vapor s transported from the mam gas stream to the
scale surluce Consequently, under these conditions
a planar reaction lront s not stable and 1t explains the

undular nature of the intertaces, and the presence of

pockets or strigs ol a glassy phase across the scale

(hickness. Additional evidence for the role ol
hydrogen is mdirectly provided by the missing dark
reaction laver The absence of an mner reaction layer
suggests the lack of substantial graphitic carbon or
pattially dissolved SiCom the seale (see Fig d)

The development ol relatively large amounts of
porosity can also be explained by the reduction of
whiskers Since hydrogen permeation s relatively
last through the scale, the reduction reaction will be
tate limited by outward permeation of the pas
products (CH CO 810, and H,). This expluns the
lack of o dark reaction layer in the scale developed
The existence ol the mner dark layer s attributed
(o the relatively Tow permeability of oxidant through
the scale thickness  Consequently, al the osidation
reaction were tate mited by mward permeation ol
water vapor, a relatively thick dark laver region
should develop. Furthermore, outward permeation
ol COalone would be predominantly molecular, and
it would not he able to account for the exhibited
porosity * ® The large amounts of porosity and the
taick of a dark reaction laver indicate that relatively
furge amounts ol gas products are continually
formed Finally, the oxidation reactions are accom
panied by (he development ol relatively larpe
volume mereases Hence, upon osidation, compress
ve stresses ate expected o builld up i the scale
tegions ' Accomimodation of the miernal stresses
forces the Stonich phuse towurds the external surluce,
and accounts tor the St Al profiles developed across
the scale thickness

5 Conclusions

The morphological evolution ol the surface scale
durimg H, exposure was investigated T was found
that at 1500 €' the seale was made up ol mullite, an
amorphous glassy phase, and porosity with new
mullite grams contmually evolving - the scale
sutlace Also, the scale evolution with time exhibited
a nearly parabolic behavior, The scale cross section
indicated that the reaction ront wuas not planar but
exhibited some degree of rugosity In particular, the
mullite gramns were surrounded by interconnected
strings ol porosity Atled with glassy phase

Energy dispersive X ray analyses indicated that
St AL profile rano developed across the scale at a
grven hime This i turn was assoctated to the distr
bution of glassy phase in the scale cross section, and 1t
was attnbuted to outward channeling of this phase
through interconnected porosity 1t was suggested
that tall oxidation of the Sirich glassy phase,
coupled with reaction with surrounding alumina,
gave rise to new mullite grams o the guas,scule
imrerlace The relatively large degree ol porosity
exhibited was attributed (o the outcoming gases
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produced by the various reactions occurring al the
scale matty mterlace This o addimon to the
development of compressive stresses during oxid
atton, provided the conditions to compel the
amorphous phase towards the external surtace
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