Available online at www.sciencedirect.com

SCIENCE@DIRECTO Egsas

ot LS
ELSEVIER Journal of the European Ceramic Society 25 (2005) 1749-1755

Vi

www.elsevier.com/locate/jeurceramsoc

Modification of the oxidation behaviour of $h,—TiB
composites by PECVD alumina coatings

B. Vasques, C. Tixier, R. Klein, H. Hidalgo, P. Tristant, J. Desmdison

University of Limoges, Science des Redé$ Gramiques et de Traitements de Surface (SPCTS-CNRS),
UMR 6638, 123 Avenue Albert Thomas, F-87060 Limoges Cedex, France

Abstract

A nearly fully dense (>98%) electroconductive silicon nitride—35 vol.% titanium diboride composite was obtained by hot isostatic pressing
(HIP) in presence of a low content of sintering aids (0.5 wt.3@¥+ 0.25 wt.% AbOs). To improve the oxidation behaviour of this composite
material, a 3um thick protective coating of aluminium oxide was deposited on cubic samples (4 /xmm x 4 mm) by microwave plasma-
enhanced chemical vapor deposition (PECVD) using an oxygen plasma and an organometallic precursor (trimethylaluminium). SEM images
demonstrated that the coating was homogeneously distributed on the external surface of the specimens.

Non-isothermal and isothermal oxidation tests were carried out with a Setaram Microbalance under pure flowing oxygen (10 L/h) on both
uncoated and coated;8i,—TiB, samples. In the case of non-isothermal oxidation of a substrate without coating, the reaction starte@.at 600
Between 1100 and 135@, a plateau was observed and above T8he weight gain increased significantly. In presence of a@Atoating,
the composite started to oxidize at higher temperature (12Ppdsothermal kinetics recorded for 24 h, at 1350 and T@)Gevealed that
the presence of the AD; coating improved drastically the oxidation resistance and changed the shape of the curves from globally parabolic
to almost logarithmic. An explanation of this protective behaviour, based on the characterization by XRD, SEM and EDS of the reaction
products, is proposed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction However, in general, the addition of these more reactive
phases is degrading the oxidation behaviour. In the case of the

Advanced non-oxide ceramics ¢8ls, SiC, AIN, Sialons) oxidation of SgN4—TiB, composites, the evaporation of the
have outstanding properties such as high strength, toughnesquid oxide B,O3 and the formation of a low viscosity glassy
and thermal stability as well as thermal shock and oxidation borosilicate layer are facilitating the inward transport of the
resistance at elevated temperatures under aggressive enviromeactive oxygen gas®°>~’In previous works, devoted to sim-
ments. They may be used for several applications like enginesilar materials, an improvement of the oxidation resistance
and aerospace components. One of the limiting factors for thehas been achieved by introducing an alumina former compo-
development of these materials is their shaping into complex nent in the composite, such as AIN in the case of SiC»TiB
parts. A possible solution is the use of electron discharge The ternary composite AIN-SiC—TiBorms a high viscosity
machining (EDM), which necessitates the incorporation of a glassy aluminoborosilicate layer, which can contain mullite
suitable content of electroconductive secondary phases, sucland/or aluminoborate phases, which reduce the evaporation
as borides, carbides or nitrides of transition metals, allowing of borial®

to reach the percolation threshdid: The aim of the present work was to test an alternative route
consisting in coating the binary $h,—TiB, composite with
* Corresponding author. Tel.: +33 555 42 36 78. a sacrlflual alumina layer rather than producing a ternary
E-mail addressdesmaison@unilim.fr (J. Desmaison). material.
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2. Experimental procedure
2.1. Composite elaboration

A nearly dense electroconductive silicon nitride—35-
vol.% titanium diboride composite was produced by Hot Iso-
static Pressing (HIP) in presence of a low content of sintering
additives at a temperature (1740), which limited the de-
composition of silicon nitride and the reaction between pow-
ders. The two main powders (65%z8i, and 35 vol.% TiB)
and aids (0.5 wt.% ¥Og3, 0.25 wt.% AbOs) were mixed in al-
cohol with ultrasonic assistance. The mixture was then dried,
sieved at 32um and cold isostatically pressed at 200 MPa.

The green moulded material was placed inside a silica con-

tainer and degassed in vacuum at 3@Cfor 10 h. The con-
tainer was sealed and hiped at 1700 185 MPa, in an ABC
ALSTHOM Atlantique press, for one-hour dwell time. A
value of 98% relative density was reacted.

2.2. Deposition system
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tube had the same diameter. Trimethylaluminium (TMA) was
injected by a ring shape injector located at four centimeters
above the substrate holder which was heated up t68@hd
100V RF biased. The TMA gas was carried in the reactor by
a flow of argon bubbling throw the liquid precursor.

The SgN4—TiB> cubic samples, were polished tquin
and cleaned with acetone and ethanol with ultrasonic as-
sistance for 5min. A flow rate of 125sccm for @nd of
3sccm for TMA and 1 Pa pressure allowed to reach depo-
sition rates of about 250 nm/min. The substrate holder was
heated to 800C and deposition occurred during 10 min on
each side.

The experimental conditions were chosen in order to de-
posit a stoichiometric film of alumina by limiting the incorpo-
ration of impurities like OH groups or reaction by-produgts.

2.3. Oxidation tests and characterization of the reaction
products

The oxidation behaviour was determined on coated and

uncoated substrates in flowing oxygen at atmospheric pres-

The alumina films were deposited on composite substratesure as a function of temperature and time using a Setaram
cubes (4 mmx 4 mmx 4 mm) by a plasma enhanced chem- microbalance. The non-isothermal oxidation tests were per-
ical vapor deposition (PECVD) technique suitable for high formed from room temperature up to 140 with a heating
rate deposition on complexes surfaces. Two runs were real-rate of 3°C/min.
ized by twisting the sample in order to coat homogeneously  In the isothermal oxidation tests at 1350 and 1200dor
the opposite facebig. 1presents the reactor used. Anoxygen 24 h, the furnace was heated up to the oxidation temperature
microwave plasma was created in a 255 mm diameter quartzwhile the crucible, containing the sample, was kept under
tube using a 500 mm diameter applicator. The impedance wasprotective argon atmosphere in the cold zone with a magnetic

matched with two tuner stubs.

device to avoid any preliminary oxidation. When the selected

Contrary to the direct configuration processes, the samplestemperature was reached, the sample was moved into the hot

were located in the deposition chamber far from about 20 cm
of the center of the discharge, to place them in the close

zone after the introduction of oxygen.
Microstructural analysis of the surfaces and cross sections

discharge afterglow. The deposition chamber and the quartzof samples, before and after oxidation, were carried out by
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Fig. 2. SEM observations of an #D3 coated SiN4—TiB, composite: (a) surface, (b) polished cross section, (c) fracture.

SEM (Philips XL 30) and EDS. The nature of the reaction rapidly (Fig. 3a). The coated sample showed no weight gain
products was determined by XRD.

3. Results

3.1. Characterization of alumina-coated samples before

oxidation

The microstructure of an alumina-coatedzMy—TiB»

composite sample is shown dtig. 2 The surface of the

Al>,O3 coating was relatively rough and exhibited micro
cracks Fig. 2a) and a cauliflower-like structur&ig. 2a and
¢). Its homogeneous thickness was close tar8(Fig. 2o
and c). The composite substrate was composed of whitg TiB
grains homogeneously distributed inside a grajNgimatrix

(Fig. 2b and c).

3.2. Non-isothermal and isothermal oxidation curves

The oxidation behaviour of the $4—TiB, ceramic com-

posite with and without coating was both tested in non-

isothermal Fig. 3a) and isothermalHig. 3b) conditions.

The non-isothermal oxidation of the uncoategNg—TiB»

sample started at approximately 6@ Nevertheless, the

weight gain slowed down and stopped between XT0and
1350°C. Above this temperature, the weight gain increased tively.
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up to 1150¢°C. Then, a significant weight gain increase oc-
curred Fig. 3a).

Isothermal kinetics recorded for 24 h, at 1350 and 1400
revealed that the presence of the®@4 coating improved
drastically the oxidation resistance and changed the shape of
the curves from globally parabolic to logarithfi¢Fig. 3b).

3.3. Characterization of alumina-coated samples after
oxidation

SEM micrographs, of the uncoated sample surface af-
ter non-isothermal oxidation in the temperature range
20-1400°C (Fig. 4), showed the formation of a regular net-
work of droplets of glassy phase. Between them, the surface
had a micro-porous aspect.

The coated sample, oxidized in the same conditions
(Fig. 5), had a glassy phase covering more homogeneously
the surface of the composite. An EDS analysis revealed the
presence of embedded Ti©rystals within the glassy film.

SEM cross sections were made by grinding down one face
of the cubic samples treated at 1350 and 140@Fig. 8) in
isothermal conditions (24 h). The estimated thickness of the
oxidized layer was much smaller in the case of coated speci-
mens. At 1350C, the oxidized thickness decreased from 48
to 12pm for the uncoated and the coated composite, respec-

Uncoated — 1400 °C

20
15
10 Uncoated — 1350 °C
5 Coateﬂ — 14 }O "s
;} Coated - 1350 °C
0 4 8 12 16 20 24
Time (h)

Fig. 3. Oxidation curves in flowing oxygen (10 L/h) for coated and uncoatgld,SiTiB, samples: (a) non-isothermal conditions and (b) isothermal kinetics

for 24 h.



1752 B. Vasques et al. / Journal of the European Ceramic Society 25 (2005) 1749-1755

Det WD F——— 200um

Fig. 6. Uncoated oxidized 8\4—TiB, platelets at 1350C, 71pum reces-
sion.

between the oxidized scale and the non-oxidized composite
(Fig. 8).

EDS analysis of the coated sample, after 24 h oxidation at
1400°C, revealed two zone$ig. 9): (1) an internal porous
glassy oxide sublayer containing silicon, aluminum and oxy-
gen but no titanium; (2) an external non-porous glassy oxide
layer in which TiQ crystals were embedded.

Fig. 4. SEM image of the surface of a non-isothermally oxidized 4, Discussion
SizN4—TiB; composite from 20 to 140CC in 24 h.

Complementary observations had been conducted by fol-4'1' Oxidation of uncoated $s—TiB, composite

lowing the recession of the non-oxidized core of thin un-
coated and coated platelets (approximately 1-mm thick) of
composite, after 24 h oxidation, at 1350 and 1400 The
results shown irFigs. 6 and 7confirmed the important re-
duction of reactivity of the coated samples.

The oxidized layer at the surface of non-coated samples
contains pores distributed throughout its volume. Conversely, TiB2(s) + 5/20,(g) = TiO2(s) + B20s(l) Q)

for coated substrates, they are mainly located at the interface . . . L
y y with formation of rutile and boron sesquioxide.

From 1000 to 1300C, the vaporization of BO3 became
important. At 1300C, it was estimated that 85 wt.% of this
oxide had evaporated after 24 h. Also, the superficigNgi
grains were progressively involved in the oxidation process
mainly via a very thin grain boundary film containing sil-
ica (and additives), which could react with®B; to form a
borosilicate glass Eq2):

The high-temperature oxidation behaviour of a hot iso-
statically pressed silicon nitride—35 vol.% titanium diboride
ceramic composite has already been studi&dom 600 to
1000°C, the preferential oxidation of the TiBgrains oc-
curred according to:

B,03 + Si0y, = SiO,*B203(glass) (@)
1000 - —

E 800 A

Glassy = 600 -

phase §
g 400
= 200 A

TiO, grain
- 0 ——— —

Uncoated Coatedat Uncoated Coated at
at 1350°C  1350°C  at 1400 °C 1400 °C

Fig. 5. SEM image of the surface of a non-isothermally oxidized Fig. 7. Recession graphic for uncoated and coateSiTiB, at 1350 and
SizsN4—TiB, composite with A}O3 coat from 20 t01400C in 24 h. 1400°C.
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Fig. 8. SEM cross sections of uncoated and coatgNSiTiB, samples oxidized for 24 h at 1350 and 14@0

This glass, which covered the surface and embedded the TiO and SgN4 grains Eq(3):

crystals, limited the access of oxygen to the J@ains and

led to logarithmic kinetics by drastic reduction of the effec- SigsN4 + 30, = 3SiO, + 2Ny 3)

tive reactive area. This phenomenon could also explain the

presence of a plateau &ig. 3a for the uncoated composite. and the formation of a low protective oxides film. Indeed,
Above 1300°C, the oxidation rate was rapid during the both the TiQ crystals and the borosilicate glass droplets

first hours due to the simultaneous oxidation of 8. (1) originating in a low wetting behaviouF{g. 4), did not cover

Matrix

Glassy oxide zone with Si, Al, O Glassy oxide zone
and T elements, (containing with Si, Al and O
3,03) clements

Fig. 9. (a) SEM cross section and (b) EDS maps for different elements, af €4Q4 h oxidation, of a coated $hi,—TiB, ceramic composite.
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homogeneously the surface of the oxidized composite sam-  This quantity was rather small and the difference between
ple. For longer times, the thickness of the scale increasedthe results for non-coated and coated samples was not re-
making the inward migration of oxygen and the outward ally significant due to the disparity of their thickness. There-
transport of the gaseous by-products (@hd BO3) more fore, the determining factor could be the modification of
difficult, as shown by the formation of bubbldsg. 8). As a the physicochemical characteristics (viscosity and transport
result, the oxidation rate decreased with time and the overall properties) of the oxidized scale due to the presence of alu-

shape of the kinetics became parabolic. mina. Consequently, these characteristics are dependent, at a
given temperature and time, on the quantity 0$@d fixed

4.2. Influence of an AD3 coating on the oxidation by the initial thickness of the coating. For instance, the cal-

behaviour culated global composition in mass of the glass formed at

1350 and 1400C, after 24 h, were respectively (19%,8)3,

For the lower temperature® € 1200°C) the alumina film 79% SiQ, 2% B,O3) and (4% AbO3, 90% SiQ, 6% B,Og).
acted as an efficient diffusion barrier limiting the oxygen ac- Thus, in order to optimize the performance of this sacrificial
cess to the surface of the composite. This protective effectprotection at high temperature, it would be wise to study the
resulted in the improvement of the oxidation resistance ob- influence of the thickness of the deposited alumina film which
served in the non-isothermal tesEg. 3a). Above this tem- s fixing the quantity of AJO3 incorporated in the oxidized
perature, the characterization of the reaction products showedscale and by extension its composition.
that the AbOs film was progressively consumed. This con-
sumption, becoming rapid above 13@D), led to the disper-
sion of Al in all the volume of the oxidized scalEif. 9 and
the format_ion of a high viscosity alumir]oborosilicate glassy A dense silicon nitride—titanium diboride composite, ob-
phase. This phenomenon had two main effects: the suppres:

. f droplets Fi d the t . f th tained by hot isostatic pressing, was coated withG3l
sion of droplets Kig. 5 an € trapping of Ineé gaseous by microwave plasma-enhanced chemical vapor deposition
species (N and BO3) near the inner composite/oxides in-

. _ PECVD). The oxidation behaviour of uncoated and coated
terface Figs. 8 and 9 As a consequence, the oxides scale ( )

. . ! - cubic samples (4 mm 4 mmx 4 mm) were studied in flow-
was assuring an improved protection to oxidation thanks to ing oxygen up to 1400C

a b%ttéa_r];fco_veragte Off;rr:e substrate antq a decrgase céf t?tehm- The presence of a pgm thick alumina film on the
ward diffusion rate of the oxygen reéactive species and o eSi3N4—Ti82 substrates increased the oxidation resistance

outward trans'port of the gaseous products. both in non-isothermal and isothermal conditions. In non-
T_h_e reduction of the reactivity of the coated samples Was isothermal conditions, the oxidation of coated specimens

exh|b|_ted .bOth by the evolu'qon of the shape O.f _the isother- started at higher temperature (12@against 600C for un-

m‘f’" kinetics and of the thickness of the oxidized scales coated ones) as the alumina film acted as a diffusion barrier.

(Figs. 3b and B The improvement of the oxidation resistance in isother-

By comparing the experimental weight gain and thg Calf mal conditions, particularly important at 1350 and 1400
culated one based on the substrate recession, an estimatiof

f th ity of © q bainedTabl | was linked to the interaction of this film with the reaction
of the quantity of rapped #D; was obiainedTable J. In products (SiQ@ and BO3) leading to the formation of a more
fact, two extreme hypotheses have been put forward:

viscous aluminoborosilicate layer slowing down the inward
— either all the oxides formed (T#¥B,03 SiO;) according diffusion of oxygen and the outward transport of the gaseous
to Egs. (1) and (3) were taken into account during the by-products (N and BOg).

5. Conclusion

computation of the weight change, Therefore, the results were in agreement with previous
— or only TiO; and SiQ were considered while £3 was ones-® obtained with ternary composites containing an alu-
supposed to evaporate. mina former component. In order to optimize the beneficial

» . o effect of the sacrificial alumina coating, it would be inter-
In addition, the global composition of the oxidized layer  ggjing to study the influence of its thickness and the induced
was expressed in weight percent of these oxides. modification of the glassy phase composition on the viscosity

The percentage of trappecb:®; was derived from the o4 the transport properties of the oxidized scale.
comparison of the experimental weight gain and these two

extreme calculated values.
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