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Abstract

This work summarizes the results related to the influence of the starting composition and of microstructure on properties degradation,
due to oxidation and corrosion, relatively to the following structural ceramighl,SiTiN, SisNs—MoSi,, AIN—SiC—MoSi,, AIN—SiC.The
effects of: (i) long-term oxidation in air (100 h), in the temperature range 600-<1580d (ii) of long-term corrosion (400 h) in acid or basic
aqueous solution at RT, 40 and 1D, on the electrical resistivity and mechanical strength of the composites are analysed and compared. The
degradation of the properties are related to the characteristics of the surface and sub-surface damage after oxidation and corrosion treatments
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction rials and composites strongly depend on the microstructure
(porosity and grain size of the secondary phase) and compo-
The control of the mechanical and electrical behaviours of sition (amount of secondary phase, impurities and sintering
electroconductive structural ceramic composites is essentialaids). The intergranular glassy phases play a crucial role in
in order to know the limit for engineering uses. Nitrides oxidation behaviour because it provides a continuous trans-
like silicon nitride and aluminium nitride can be applied up port medium between the bulk and the oxide scale, due to
to about 1200C under oxidizing atmosphere. Composites the outward diffusion of cations (such as cations deriving
obtained with the addition of an electroconductive secondary form the sintering aids or impurities) and inward diffusion of
phase such as TiN, TiB TaN, TiCN, TiC, MoS) and oxygenl8-25
ZrN'~17 can result in improved toughness and strength and  The oxidation of electroconductive composites is also af-
high electrical conductivity, this latter property being essen- fected by the type and amount of the secondary phases, be-
tial for specific applications in the field of high temperature cause TiN, TiB, MoSi, start to oxidize at relatively low tem-
heaters, igniters and heat exchangers. However, most of theseeratures (500—70@) compared to the matrix materi&®.
phases are easy-to-oxidize, therefore, possible damage®xidation and corrosion of non-oxide ceramic composites
and properties degradation derive from oxidation/corrosion results in different behaviours and mechanisms depending
environmental conditions. on the temperature, besides the matrix microstructure and
It is well-known that the high temperature mechanical type and amount of the electroconductive partiéfeg>27-32
properties and the oxidation and corrosion behaviour of sili- In particular, chemical reactions leading to oxidation of sil-
con nitride-, silicon carbide-, aluminium nitride-based mate- icon nitride or aluminium nitride matrices containing tita-
nium nitride or molybdenum disilicide are accompanied by
* Corresponding author. Tel.: +39 0546 699724; fax: +39 0546 46381,  Several diffusion phenomena, therefore, the complex interac-
E-mail addressbellosi@istec.cnr.it (A. Bellosi). tions among the involved species at the reaction interface and
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inside the growing oxide scale and the development of com- exposed surfaces, the polished cross-sections and the fracture
plex product layers affect the overall oxidation behaviour.  surfaces were examined.

This paper shows the results of long-term oxidation and  Flexural strength(c’) on as sintered, oxidized or corroded
corrosion in aqueous basic or acid solutions on flexural specimens was measured using a four point bending jig with
strength and electrical resistivity of full dense composites a lower span 20 mm and an upper span 10 mm on an univer-
in the systems: AINSIC, AIN-SiC-MoSip, SisNs—MoSiz sal screw type testing machine Zwick/Roell Z050, using a
and SgN4—TiN. crosshead speed of 0.5 mm/min. These tests were performed

at room temperature.
The electrical resistivityp) was measured on the as sin-
2. Experimental procedure tered, oxidized and corroded plates at room temperature by
means of four probe dc method and two probe dc method, in-

The ceramic composites were produced starting from the ducing in both cases a longitudinal current along the plates.

following powder mixtures (amounts in vol.%): The current and voltage readings were made at the same time
in two different digital high-resolution multimeters. The re-

AIN + 21SiC SiNg + 35TiN sistivity values were determined from the electrical resistance

AIN + 15SiC+ 30MoSh  Si3N4 + 35MoSh measurements taking into account the test leads distance and
cross-section area of the samples.

Sintering aids where also added: 2wt.%% and On the most corroded samples volume resistivity mea-

2wt.%AL03 +5wt.%Y203 to the AIN- and SiNs-based  surements were performed with a guarded resistivity cell in

composites, respectively. conjunction with a high resistance meter. The specimens were

Fully dense materials in the systems AISIC and  placed in the test chamber with two conductive rubber elec-
AIN-SiC-MoSi,; were obtained by pressureless sintering trodes between the sample and the metal electrodes of the
at 1900°C for 1 h, while the S§iN4-based composites were  cell. The measurements were carried out by applying a volt-
produced by hot pressing at 180D, applying a pressure  age of 25V and waiting 2 min before reading the electri-
of 30 MPa. Details on processing and microstructure are re- cal resistance value. The resistivity values were determined
ported in previous papers from the resistance measurements taking into account the

For oxidation and corrosion testdend bars specimens  surface area of the main electrodes and the thickness of the
with chamfered edges were used. The specimens weresamples.
cleaned in ultrasonicated acetone bath, dried, weighed (ac-
curacy 0.01 mg). Mass change was measured after oxidation
or corrosion tests. 3. Results and discussion

Oxidation testsvere carried out at temperatures of 800,

1000, 1200, 1300, 1400, 1500 for 100 h. At least 5bars  3.1. AIN-based composites
were oxidized for each selected condition.

Corrosion testsvere performedin 1.8 M sulphuric acidor  3.1.1. Microstructure of the pressureless sintered
4 M sodium hydroxide aqueous solutions, at room tempera- composites
ture (RT,~20), 40 and 70C for 400 h. The pressureless sintered materials are fully dense. The

Microstructural characteristicof the specimens before  microstructure irFig. 1a of the composite AINSIC-MoSiz
and after oxidation were analysed through X-ray diffraction evidences bright particles (Ma§j dark-phase grains (AIN
and scanning electron microscopy (SEM). In particular, the and SiC) and intermediate grey contrast grain boundary

Fig. 1. Microstructure of the AINSIC—MoSi; composite revealed on the polished surface (a). Micrograph (b) highlights the following phases: (4,)@)oSi
grain boundary phase YAG @AI501>), (3) MosSiz and (4) AIN-SIC.
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phase, that is crystalline YAG (AY3012).6 The presence FT:?b'e 1| eneth values in function of the oxidation & t §
. i exural strengtn values In tunction o € oxiaation temperature measure:

of glassy yttrlum silicates cz_innot be exgluded. There_are no . samples oxidized for 100 h

cracks visible between Mogand the matrix phase, in spite of Oxidat AN—SIC AN—SIC—MoSi

quite different thermal expansion coefficients of the present < o o" : N

ture°C , MP . MP
phases, which indicates good adhesion among the grains o‘}empera ure’c) (0, MP2) (0, MP2)

different composition. Some MoSgrains (an example is As-sintered 37858 gg:i ég
shown inFig. 1b contain areas appearing with two different  gqq 361L 51
grey levels that correspond to different stoichiometries. The 1000 283t 44

brighter part contains a higher amount of Mo, as it is com- 1200 266+ 44 37340
posed by phases with a stoichiometry close tosBig and 1300 38239
Mo4.6Si3Cp.6, confirming the results of XRD analyses. The iggg sar 1l ?éZGJi 4112

EDX analyses of MoSigrains reveal also a small amount of

Al. In the sintered composite only hexagonal 2H SiC was de-

tected and this phase can form solid solutions with hexagonal

AIN, due to their matching lattice parameters. As a matter of 3.1.2. Long-term oxidation and properties degradation

fact, some elongated AIN grains were observeid.(1a) in- The long-term oxidation tests in air at temperatures be-

side, which Si was detected using EDX microanalysis. This tween 600 and 1500 induce surface and subsurface mod-

supports the hypothesis of partial formation of solid solutions, ification that involve the oxidation of the phases present in

since the elongated grains grew from liquid phase presentthe composite and the reactions among the oxidation prod-

during sintering® ucts. Pure AIN and SiC have high oxidation resistance and
The microstructure of the composite AHSIC (Fig. 2a develop protective oxide scales based onySiad ALOs. In

and b) is constituted by uniform grains with a mean grain size contrast, pure MoSiundergoes rapid oxidation and conse-

of the AIN-SiC phase of about2m and by the presence quent pesting at temperatures between 500 and@{@ue

of intergranular phase having compositions next to that of to the formation of volatile Mo-oxides¥ while its oxidation

YAG phase (AtY 3012), however, the presence of glassy yt- resistance is excellent at temperatures higher than A000

trium silicates cannot be excluded. The crystalline phases aredue to the formation of a protective surface layer of 1626

AIN, B-SiC and YAG. An extensive formation of AINSIC The AIN-SiC-MoSi; composite exhibits high oxidation

solid solutions can be ruled out in these samples, sice resistance over the whole temperature range. No pesting of

SiC peaks are clearly visible in the XRD spectra. However, MoSi; is observed during treatments in the temperature range

comparing the relative intensities of the main peaks of AIN at 500-800C, very likely due to Al incorporation into the

and SiC, the calculation of the corresponding amount of theseMoSi» lattice 26 In addition, the high density of the composite

phases, yields 7.5 vol.% of SiC in the AHS$iC mixture after is a positive factor against the massive oxidation of MoSi

sintering, which is considerably lower than the SiC starting At high temperatures 1200-1500 a growing oxide scale

amount. Moreover, the variation of the cell parameters of AIN based on mullite proves to be highly protectie.

(compared to pure AIN phase) suggest that about 10vol.%  The composite AINSIC is stable up to about 120Q.24

of SiC formed solid solutions with AIN, but owing to the = Thereafter a porous oxide scale based on alumina and mullite

relatively low temperature, the formation of solid solutions form on the surface.

was not completed. On the other hand, according to studies The fracture strength values for samples oxidized at var-

reported in literaturé>-361900°C as sintering temperature  ious temperatures are reportedTiable 1 The strength of

is a lower limit for AIN-SIC solid solution formation in the  non-oxidized samples AINSIC-MoSi, is comparable with

compositions range of 20-80 wt.% SiC. the values measured in the AHSIC materials.

The values of the as sintered materials (AISIC and AIN—-SiC—MoSi;
composites) are reported as well.

Fig. 2. Micrtostructure of the composite AISIC: (a) polished surface and (b) fracture surface.
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Fig. 3. Microstructure of the cross-section of samples oxidized for 100 h at’t@a) AIN—SiC and (b) AIN-SiC—MoSi,.

For the composite AINSIC-MoSi; the changes in Therefore, long-term corrosion tests were performed only
strength after oxidation are small and all within the standard in NaOH corrosive solution for the sample AHSiC-MoSis.
deviation?? The oxidation does not seem to have detrimen- The grain boundary phases, which contain a very stable
tal effects on this composite. A little lower strength value at YAG phase and an amount of glassy Y-Si-oxynitrides and
600°C can result from evaporation of Mg@orm the surface  Y-silicates play an important role in corrosion. At RT the
due to limited oxidation of MoSi At this temperature the ox-  grain boundary glassy phases are dissolved rapidly inside the
idation is not fast enough to form a protective layer of mullite, volume of composite attacked by the corrosion. The simulta-
as observed in the samples oxidized at 1200-280n this neous corrosion of AIN and Mogis progressive with time:
case mullite could be the reason for a little strength improve- the attack on MoSi particles occurs mainly at the particle
ment, due to partial sealing of pre-existing surface critical de- boundaries. At 40C, in addition to the very fast dissolution
fects. Oxidation at the highest temperatures (1400-1600  of the grain boundary phases which also occurred at RT, AIN
affects the strength, which however, is still in the range of the and MoSp undergo dissolution at the same rate. On the other
starting material. hand, at 70C AIN corrodes at a rate one order of magnitude

The strength degradation due to oxidation for the higher than that of other phas®s.

AIN—-SIiC composite is limited in the samples oxidized up The selective corrosion of the various phases present in
to 1200°C (oxidation very low), while it is strong after oxi-  the sample is caused by leaching of Al, Si and Mo ions (with
dation at 1400C.2* In fact, at temperatures above 13%D amphoteric and acid character), i.e. to the surface exchange
the formation of a thick oxide scale occurs. The oxide scale between OH and exchangeable ions present on the sample
is porous and formed by mullite and alumirfag. 3 evi- surface, where no barrier diminishes the effective contact area
dences that the strength degradation behaviour in the twobetween reactants. Details on corrosion kinetics and related
tested materials is related to different oxide scales. After oxi- phenomenology are reported in a previous paper.

dation at 1400C, the composite AINSIC (Fig. 3a) exhibits a Atroom temperature and 4@, the corrosive attack takes
400p.m porous scale, while the composite AlRiIC-MoSip, place mainly on the sample surface (as visible from the
Fig. 3, has a very thin (5Am), rather compact, surface Fig. 4a and b), while at 70C a corroded sublayer increases
scale. up to 35um after 400 h, but the Mogiparticle network

The electrical resistivity of the AINSIC-MoSi, compos- still ensures the percolation. In fact the electrical resistivity
ite increases from 1@ Q2 cm in the as sintered materfatp doesn’tchange, except for slightincrease (fromx B3 to

about 16 and 10 2 cm after oxidation at 600 and 80Q, 3 x 10~3 Q2 cm) after corrosion for 400 h at RT: this is prob-
respectively. This is expected on the basis of partial de- ably due to the preferential leaching of Me@@is highlighted
composition and volatilization of the electrically conductive by either the degree of dissolution or by the grooves around
phase (MoSJ). In the samples treated at higher temperatures the MoSp particle boundaries which can result in the lower
(1300-1400C) the resistivity approaches a value-ef0! contact between the MoSélectroconductive particles.
not far from that of mullite, 18 2 cm. In fact the oxide layer
developed at these temperatures is rather uniform and thick3.2. SgNs-based composites
enough to mask the influence of the conductive bulk material.

3.2.1. Microstructure of the hot pressed composites
3.1.3. Long-term corrosion and properties degradation Both the composites were sintered to full density by hot

Corrosion tests on AINSIC and AIN-SiC-MoSi, evi- pressing. The microstructure of the hot-pressefN$+TiN

denced a high stability of both the composites in sulphuric material consists of a fine-grained matrix@®Si3N4 grains,
acid aqueous solution. surrounded by a glassy grain boundary phase, and of well
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Fig. 4. Microstructure of the AINSIC—MoSi, composite after corrosion at 4Q in sulphuric acid solution: (a) cross-section and (b) surface.

dispersed secondary phase (TiN) partickég, 5a. The grain by more or less porous Tgand by silicatic phases, is
boundary phase is composed mainly of amorphous phases ifess protective than the scale developed at the surface of
the system ¥-Al-Si—O—N; traces of yttrium titanates were  SisNs—MoSip, where a dense silica-based scale (formed at
revealed. The main part of alumina introduced as sintering T>~1200°C) is well adherent to the bulk and is much thin-
aid enters in solid solution wit-SisN4 grains during there-  ner than the scale in the composite containing TiN.
precipitation phenomena that occur in the liquid-phase sin-  In fact, in the composite §Ns—TiN, after the treatment
tering process. at 800°C the scale is brittle, on the contrary it becomes
The microstructure of the hot pressedyi—MoSi, com- more compact after at higher temperatures. Large cracks
posite consists of a fine-grained matrix of3lSy grains are present at the reaction interface in the sample treated at
surrounded by a glassy grain boundary phase and of well1000°C due to the thermal coefficient mismatch between
dispersed tetragonal MoSiparticles Fig. 5). As crys- the compact oxide scale and the porous sub-layer. After
talline phases, more than 50% of the starta®isNg is the treatment at 120@ an amount of silica embeds ru-
still present The presence of about 5vol.% of crystalline tile grains and favours a good adhesion between the surface
SibN2O phase is detected, favoured by the content 0£,SiO oxide scale and the sub-layer due to the penetration of sil-
which is present either in Mogpowder and in SiN4 pow- icate glass towards the bulk, partially filling the voids left
der. Since no crystalline phases containing the sintering aidsby the depletion of TiN Fig. 6a). The formation of cracks,
were revealed in the hot pressed composite, the grain bound-also within the porous sub-layer, is associated with a vol-

ary phases is amorphous, in the systemYALSi-O—N, in ume expansion that accompanies the transformation of TiN
a total volume of about 6%.Both the composites exhibit  to TiO,.
outstanding mechanical propertie&t The penetration of oxygen towards the bulk is influenced
not only by the formation of voids left by cations diffusion
3.2.2. Long-term oxidation and properties degradation and Ti depletion, but also by the protective action of viscous
In the oxidized samples, the strength variatidakle 9 silicates that partly fill the voids and hinder the cracking at

is related to the characteristics of the surface scale andthe oxide/sub-layer interface. In fact, the oxygen penetration
of the sub-surface damag@2® (examples are shown in is lower in the sample oxidized at 1200 than at 1000C,
Figs. 6 and ¥: in Si3gN4—TiN the surface scale, constituted due to the growth of a rather compact and protective surface

Fig. 5. Microstructure of the polished surfaces of the\gi—TiN (a) and S§N4s—MoSi; and (b) composites.
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Table 2
Flexural strength and electrical resistivity values in function of the oxidation temperature measured on samples oxidized for 100 h
Oxidation temperature C) SigNa—TIN SigN4—MoSi,
(o, MPa) (o, 2cm) (0, MPa) (o, 2cm)

As-sintered 833116 6x 1074 913+ 66 1x 1073

800 807+ 68 1x 101 916+ 20 3x 107
1000 671+ 88 6x 102 668+ 61 1x 108
1200 508+ 81 1x 101 791+ 14 1x 10°
1300 844+ 32 2x 10°
1400 882+ 25 5x 10°
1500 836+ 62 6x 108

The values of the as sintered materialgf&i—TiN and SsN4s—MoSi, composites) are reported as well.

Fig. 6. Microstructure examined in the cross-section of the test samples, after oxidation a€¥20Q00 h: (a) SiN4—TiN and (b) S§Ns—MoSi,.

oxide scale, that is less permeable to oxygen than porous or Enhanced strength retentiofiaple 2 is observed for

microcracked oxide scales. SizN4—MoSi; composites oxidized over the whole range of
These oxidation behaviour induces a rapid strength degra-temperatures investigated, except after oxidation at 1000

dation, in fact after the oxidation at 1200 for 100 h, that induced a strength decrease of about 25%, compared to

the strength is more than 30% lower than in the starting the as-produced materials. In fact, some porosity, due to the

material. formation of volatile Mo-oxides, is present up to a depth of
Instead, in the case of the compositghg—MoSi, the ox- 60p.m towards the bulk from the surface oxide layer.

ide products formed at temperatures 1200—1%Dére based Instead, in the temperature range 1200—-1%D0MoSh,

on glassy silica, where cristobalite and Y-silicates crystallize. assisted by oxygen, reacts withgSi forming MosSiz and
This scale is very protective, as highlighted also by the ab- additional S}N>O and SiQ, that is the cause of the new
sence of subsurface defects after 100 h at 2@0QFig. 7a) rise of strength after the treatmentTat 1200°C. Thus the
and by the very limited porosity formed after 100 h at 1500 high level of strength retention in the range temperature
(Fig. ). 1200-1500C is expected, because of the high volume of

Fig. 7. Microstructure of the cross-section in the compositél$i-MoSi, after oxidation for 100 h at 140 (a) and 1500C (b).
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Table 3
Values of the flexural strength and of the electrical resistivity in function of the corrosion temperatures after 400 h in acid and basic aquem)selakitely
to the SgN,—TiN and SgNs—MoSi; composites

Si3N4—TiN Si3N4—MOSi2
Corrosion temperaturéC) - - - - - -
Acid corrosion Acid corrosion Basic corrosion
(o, MPa) (o, 2cm) (0, MPa) (0, 2cm) (0, MPa) (o, 2cm)
RT 848+ 69 5-7x 104 2x10°3 2x 108
40 759+ 27 2-6x 107 2x 1073 5x 10°
70 597+ 24 0.6-5x 108 720+ 40 1.5x 10° 791+ 29 2x 108
MoSi, phase (35 vol.%): as reported by Klemm et?lin- der basic environment, i.e. NaOH aqueous solution, indicate
creasing the amount of MoSin the SgN4—MoSi, com- a strong chemical dissolution of molybdenum disilicide par-

posites the residual strength increases after oxidation. Theticles Fig. 8). Leaching of grain boundary phases occur as
factor strengthening the oxidized materials is the formation, Well, mainly due to the presence of Al (with amphoteric char-
beneath the oxide scale, of a layer 0§/$iO: the amount  acter) in these glassy phases.
of silicon oxinitride increases with temperature and prevents ~ The strength values after 400 h of exposure to acid so-
the damage of the bulk material, as previously observed by lution (both the composites) and basic solution (composite
Klemm et al?’~2?|n fact, the present results show that the containing molybdenum disilicide) at different temperatures
flexural strength of the oxidized specimens increases with theare reported iffable 33°-32After corrosion in acidic environ-
increase of the oxidation temperature. Otherwise, the pres-mentthe failing of the $N4—35 vol.% MoS composite (the
ence of some porosity in the sub-oxide layer is due to the strength is about 79% of the as-sintered value) is due to the
conversion MoSi— MosSis, as the silicide particles con- ~ presence of the porous and thick subsurface layer affected by
tract their volume: the high conversion occurring at 1300  corrosion, while after the tests in NaOH the strength degra-
leads to high porosity, that counterbalances the positive ef-dation (87% of the as-sintered value) is due to the increased
fect of the oxynitrides, decreasing the strength again. Itis why surface population of defects caused by the leaching of the
the higher level of strength retention is reached at 7400  superficial MoSj particles.
In any case, both at 1400 and 15@ (Fig. 7) the surface The electrical resistivity after corrosiofgble 3 is30:32
oxide scales did not influence the strength because they ardn agreement with the observed phenomena: after the treat-
not well adherent to the material; this is a further confirma- ment at room temperature in acid solution both the com-
tion that the new decrease of strength at 1800Gs due to posites maintain an electrical resistivity of about 3@ cm.
sub-surface defects such as pores. After the corrosion at 40C: SiN4—MoSiy is still a rather

The electrical resistivity, that is about 1Q cm in both ~ good electrical conductor, while $N4—TiN has a very low
the as sintered §Ns-based composités?® increases to val- electrical conductivity. After the corrosion at 7G: both the
ues in the range Y0103 cm after oxidation Table 2, composites can be considered electrical insulators, due to the
because the surface oxide products are insulators. Electri-dissolution of the electroconductive particles at the sample
cal resistivity depends on the thickness of the oxide scale surface.
and on the adhesion of the scale to the bulk material. In the
case of the composite $8i4—TiN, the bulk electrical resis-
tivity is only slightly altered by the modifications occurring
during the long oxidation period (e.g. grain boundary recrys-
tallization or formation of oxidation product) and the values
ranging from about & 10~*to 1.2x 102 Q cm were mea-
sured in the samples oxidised 100 h in the temperature range
800-1200C.2°

3.2.3. Long-term corrosion and properties degradation

In both the composites, the corrosion kinetics are
linear indicating chemical reactions as rate controlling
phenomend®32The chemical attack in sulphuric acid solu-
tion at RT and at 40C involves only the progressive chemi-
cal dissolution of grain boundary phases. The attack on TiN
and on MoSj occurs 0n|y at 70C and is more enhanced Fig. 8. Surface of the composites8i,—MoSi, after corrosion in the basic

for TiN- Si3N4_ is not or very low affected by the _SeleCted NaOH aqueous solution. MoSparticles are completely dissolved. Grain
corrosive environmerft’2° The tests on $Ns—MoSi, un- boundary phase was leached as well.
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Consequently, the long-term permanence in basic environ- 2.
ments, the electrical resistivity of $hs—MoSi, composite
improves up to 10 order of magnitude as a consequence of
the corrosive attack on Mogt° The progressive leak of per-
colation of the electroconductive particles network leaves on
the surface a porous dielectricz8i, which insulates the
electroconductive bulk material.

4.

4. Conclusion

Compositing nitride ceramics (84, AIN) with properly
selected electroconductive particulates offers great potential-
ities to improve mechanical properties, to obtain electrocon-
ductive reinforced ceramics and to reduce strength degrada- g.
tion under oxidizing atmosphere. Top application tempera-
tures can be raised compared to those suitable for monolithic -
nitrides:

for applications in the temperature range 1200-1%DO0
composites SNs—MoSi; and AIN-SiC-MoSi, are
preferable, they withstand long-term permanence at

1500°C maintaining elevated strength values, with lim- 11.

ited surface damage;
for applications up to 1200C composites SN4—TiN are
preferable.
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15.

no acid attack on AINSiC-MoSi; and limited damage

in basic solutions: strength and electrical resistivity values
are maintained.

limited damage in strength and electrical conductivity for
acid and basic attack up to 4Q on SgN4-based compos-
ites. However, evident degradation occurs during corrosion
at 70°C.
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