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Abstract

The high-temperature oxidation of Si3N4–TiN particulate composites with different amounts of the glass forming sinter additives Al2O3

and Y2O3 has been studied in order to reveal the oxidation mechanism with its different reaction steps and kinetics and especially identify
the role of the glass phase in the course of oxidation. The initial stages of oxidation have been observed in situ in an environmental scanning
electron microscope while exposing the materials to dry or humid oxidation environment at temperatures between 600 and 1100◦C. For the
characterization of the later oxidation stages, materials were oxidized ex situ for longer times. The oxidation scales were characterized by
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-ray diffraction, field emission scanning electron microscopy and transmission electron microscopy.
Oxidation of the composites starts at 650◦C, when TiN surface particles begin to oxidize and form on their exposed surface isla

anocrystalline TiO2. At around 950◦C, the glass transition temperature of the intergranular glass phase, these nanocrystals sta
aterally on the surface. At the same time, oxidation progresses into the depth of the material, forming thereby several distinguishe
ubscales. The intergranular glass plays a crucial role for the oxidation in the temperature range between 950 and 1100◦C. Depending on th
lass quantity in presence, different reaction mechanisms dominate; the oxidation kinetics are strongly controlled by the transpor

ntergranular glass.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Compared to monolithic silicon nitride ceramics, silicon
itride–titanium nitride composites exhibit an improved frac-

ure toughness and are machinable by electric discharge, thus
roviding the possibility to realize ceramic parts of com-
lex shape.1–4 These properties make the composite a suit-
ble high-temperature structural material, however, its cor-
osion resistance at temperatures above 1000◦C is reported
o be poor compared to that of pure silicon nitride ceramics.
or silicon nitride ceramics, the oxidation resistance depends
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strongly on quality and quantity of the sinter additives
can be tremendously improved by carefully designing
microstructure.5–7 To predict and improve the performan
of the much more complicated Si3N4–TiN materials in high
temperature services, a fundamental knowledge of the o
tion mechanism is needed. In the past, several studies sh
that the oxidation mechanism is complex, and multilay
scales form.8–12The initial oxidation stages of Si3N4–TiN ce-
ramics have not yet been studied. Thus, it remains unkn
where and how oxidation starts and whether the first st
of oxidation vary with temperature, environment, quality
quantity of sinter additives. The aim of the present wor
to study these very initial stages of oxidation by in situ
servation in an environmental scanning electron micros
and thus contribute to the understanding of the interpla
nucleation, growth and transport in the formation of the e
oxidation products.
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2. Experimental

Two Si3N4-based composites with 35 vol.% of TiN and
different amounts of sinter additives were studied: Compos-
ite A is an uniaxially hot-pressed ceramic with a high level of
sintering additives (2.5 wt.% Al2O3, 5 wt.% Y2O3, 1800◦C,
30 MPa), and composite B an hot-isostatically pressed com-
posite with a lower level of additives (0.25 wt.% Al2O3,
0.5 wt.% Y2O3, 1725◦C, 150 MPa). Oxidation treatments
were realized in an environmental scanning electron mi-
croscope (ESEM-3, Electroscan, Wilmington, MA, USA)
equipped with a hot-stage. The latter was specified for opera-
tion between room temperature and 1500◦C. Specimens with
the dimension 1 mm× 2 mm× 2 mm with a mirror-finished
surface were used for the in situ oxidation in the ESEM.
Different atmospheres were established in the ESEM during
oxidation for up to 2 h: a humid environment, in which air
was saturated with water at 18◦C (p(H2O) = 2 kPa) and a dry
environment of pure oxygen at a total pressure of 265 Pa,
respectively. In addition, both composites were oxidized for
longer times (between 4 and 100 h) in a high-temperature
furnace with an alumina tubing under the flow of dried or
humified air (p(H2O) = 2 kPa). Thesurface of oxidized sam-
ples was analyzed by X-ray diffraction (XRD) using Co K�
radiation on a Philips PW1830. Surfaces and cross sections
were sputter-coated with an Au–Pd alloy and examined in

a field-emission scanning electron microscope (FE-SEM),
model Leo Gemini 1530 equipped with an energy-dispersive
X-ray spectrometer (EDXS). Cross sections for SEM and
transmission electron microscopy (TEM) were polished on
diamond encrusted sheets with grain sizes between 30 and
0.1�m. Final thinning of TEM specimen was done by ion
milling under an argon beam. TEM investigations in bright-
and dark-field mode were conducted at 120 kV in a JEOL
1200 EX and at 200 kV in a JEOL 2000 EX. High-resolution
microscopy (HREM) was conducted at 200 kV in an Akashi
Topcon that provides a point-resolution of 0.18 nm.

3. Results and discussion

3.1. As-sintered ceramics

The composite materials A and B both have a Si3N4 ma-
trix, but contain different amounts of Al2O3 and Y2O3 as sin-
ter additives. The second phase in both composites consists of
35 vol.% of micrometer sized TiN particles:Fig. 1a shows a
backscattered electron (BSE) micrograph of a polished sec-
tion of composite A. Due to the higher atomic number of
titanium, the TiN particles appear in grey contrast compared
to the Si3N4 matrix in dark contrast. Already inFig. 1a, some
b nd-
Fig. 1. (a) BSE image of composite A, (b) TEM bright-field of composit
right contrast features from the relatively thick grain bou
e A, (c) TEM dark-field of composite A, and (d) HREM of composite B.
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Fig. 2. Localized oxidation of TiN particles (light grey) at the surface of composite A during a temperature ramp of approximately 1.5◦C/min under dry air.
(a) 600◦C, (b) 650◦C, (c) 700◦C.

ary film in the Si3N4 matrix can be distinguished which con-
tains yttrium (Z= 39) and aluminium (Z= 13) from the sin-
tering aids. The distribution of the intergranular glass shows
that the grain size of silicon nitride is much smaller than that
of titanium nitride. This is even more evident from the TEM
bright-field (BF) image inFig. 1b, in which TiN grains appear
dark and the smaller silicon nitride grains appear bright. The
silicon nitride grain size is in the order of 100–200 nm in both
composites. The TEM dark-field (DF) image of composite
A in Fig. 1c shows several well faceted silicon nitride grains
(dark contrast) that are surrounded by the glassy grain bound-
ary phase (homogeneous bright contrast). The glass film in
composite A measures more than 10 nm in thickness along

the grain boundaries and up to 100 nm in triple points. In
composite B, the film width is smaller by a factor of 10. This
difference is related to the different levels of sinter additives.
The high-resolution TEM micrograph inFig. 1d shows a typ-
ical grain boundary in the silicon nitride matrix of composite
B. In the grain on the right side, (1 1 20) lattice fringes of
�-Si3N4 are visible with an interplanar distance of 0.38 nm.
The grain boundary film width amounts to about 1.5 nm.

In summary, composites A and B have similar microstruc-
tures with respect to size and distribution of titanium nitride
and silicon nitride. They are different in the thickness of their
intergranular glass films which is a consequence of the dif-
ferent contents of sinter additives Al2O3 and Y2O3.

F
9

ig. 3. Evolution of surface scale on composite A during a temperature ramp
50◦C, (e) 1000◦C for 5 min, (f) 1000◦C for 15 min.
of approximately 1.5◦C/min under dry air. (a) 750◦C, (b) 800◦C, (c) 900◦C, (d)
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3.2. In situ oxidation

Surfaces of composite A at various early stages of oxi-
dation are presented inFigs. 2 and 3. The composite was
oxidized in situ in the ESEM, at the starting temperature of
500◦C and a temperature ramp of approximately 1.5◦C/min.
Fig. 2a shows the polished surface of composite A at 600◦C
in dry air. The TiN particles appear in light grey and the
silicon nitride matrix in dark contrast. First surface modifi-
cations were noticed at 650◦C (Fig. 2b) with the appearance
of small nanocrystals (bright spots) on the exposed outer sur-
face of the micrometer-sized TiN grains. At 700◦C (Fig. 2c),
these nanocrystals grew to thin platelets with their long axis
reaching micrometer dimensions. The surface of the silicon
nitride matrix (dark contrast) remained unchanged. At 750,
800, and 900◦C (Fig. 3a–c) the nanocrystals on the TiN par-
ticles grew further in size, and some of them lost their plate-
like shape. The silicon nitride matrix surface areas remained
still unchanged. At a threshold temperature of about 950◦C
(Fig. 3d), the surface scale started to grow laterally over the
silicon nitride matrix regions. At 1000◦C (Fig. 3e and f),
lateral growth continued and grains in the scale coarsened
visibly.

X-ray diffractograms (XRD) of oxidized composites
showed a mixture of rutile (TiO2), TiN and�-Si3N4 in the
surface scales. The last two phases belong to the underly-
i the
n ru-
t ctron
d f the
n bove
9 cess
t

Fig. 4illustrates the evolution of the surface scale of com-
posite A with time at 1000◦C under humid air at a lower
magnification. The lateral coalescence of the TiO2 surface
scale can be seen clearly inFig. 4a–c. In the regions that
are encircled inFig. 4c some inhomogeneities (bright con-
trast) appear in the grain boundary phase of the silicon nitride
matrix, which were identified as Ti-rich precipitates. For clar-
ity, the encircled regions ofFig. 4c are shown inFig. 4d–f
at a higher magnification, and some of the precipitates are
marked by arrows. The appearance of such precipitates in
the vitreous grain boundary film indicates that, at 1000◦C,
the intergranular glass is involved in the oxidation process. It
should also be recalled that coalescence of rutile grains in the
surface scale starts at almost the same temperature, 950◦C.
The latter temperature matches well with typical glass tran-
sition temperatures reported for Y-Si-Al-O-N glasses.13–15

The coalescence of the crystals in the surface scale of
composite A at 1100◦C under humid air is shown inFig. 5.
With time the TiO2 layer gradually covered all silicon nitride
matrix (dark contrast inFig. 5a). In an early oxidation stage
(Fig. 5a), rutile crystals were only several hundred nanome-
ters in size. With time, they grew in size and developed pro-
nounced crystal facets. After approximately 36 min (Fig. 5e),
the surface was completely covered by a dense scale.The al-
most equiaxial rutile grains continued to coarsen and formed
more pronounced facets. After 1 h at 1100◦C, TiO grains in
t

in
m s at
1 ill
r pos-
i xial
g e-like

F 000under areas
o

ng non-oxidized composite. Thus, it is concluded that
anocrystals on the outer surface of TiN particles are

ile. This was confirmed by EDXS and selected area ele
iffraction in the TEM. Shape changes and coarsening o
anocrystalline rutile during oxidation at temperatures a
50◦C suggest that a dissolution and reprecipitation pro

akes place that involves a glassy medium.

ig. 4. Time sequence showing the surface scale on composite A at 1◦C
f panel c at a higher magnification.
2
he dense scale reached sizes of several micrometers.

Composite B with the low level of additives behaved
ost aspects similar to composite A. After a few minute
000◦C in humid air (Fig. 6a) the silicon nitride surface st
emained partially uncovered (dark contrast). As in com
te A, the TiO2 scale was composed of a mixture of equia
rains of several hundred nanometers in size and plat

humid air. (a) 6 min, (b) 19 min, (c) 34 min, (d–f) sections of encircled
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Fig. 5. Coalescence of surface scale on composite A at 1100◦C under humid air. (a) 3 min, (b) 7 min, (c) 16 min, (d) 22 min, (e) 36 min, (f) 56 min.

Fig. 6. Evolution of surface scale on composite B at 1000◦C under humid air. (a) 5 min, (b) 11 min, (c) 20 min, (d) 39 min, (e) 60 min, (f) 72 min.
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Fig. 7. Evolution of surface scale on composite B at 1100◦C under humid air. (a) 4 min, (b) 22 min, (c) 31 min, (d) 43 min, (e) 80 min, (f) 110 min.

crystals. In the course of oxidation of composite B at 1000◦C,
however, the platelets did not disappear. The platelets grew
to micrometer size (Fig. 6b–f) and covered the entire sur-
face after approximately 72 min. This is a major difference
compared to composite A where the platelets disappeared at
1000◦C and only equiaxial TiO2 grains coarsened afterwards
(cf. Fig. 3).

From the in situ oxidation experiments under humid air
at 1100◦C (Fig. 7) it is evident that the growth of equiaxial
and plate-like grains occur simultaneously in composite B.
After a few minutes at 1100◦C (Fig. 7a), large areas of sil-
icon nitride matrix (dark contrast) remained uncovered, and

small TiO2 crystals formed only on the surface of TiN par-
ticles. Even though most TiO2 grains were equiaxial, some
elongated crystals were occasionally observed (left side top
and bottom). On further oxidation (less than 2 h inFig. 7b–f),
the elongated particles grew to micrometer size platelets and
partially covered the underlying scale of equiaxial rutile. At
the same time, lateral growth and coalescence of the equiax-
ial grains occurred within the underlying layer. After 110 min
(Fig. 7f), some residual uncovered silicon nitride surface ar-
eas (dark contrast) were still visible. The equiaxial TiO2 grain
size reached up to 2�m. At the same temperature in half of
the time (56 min, cf.Fig. 5f), the surface of composite A had

F situ ox humid
a rs indic
ig. 8. Degree of covering of the surface of Si3N4–TiN ceramics during in
ir at 1000 and 1100◦C; (b) composite B at 1000 and 1100◦C. Full marke
idation as a function of the square root of time: (a) composite A under
ate experiments under humid air; empty markers under dry air.
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been completely covered, and distinctly larger TiO2 grains
had formed.

The observed coarsening, faceting and discontinuous
shape changes of rutile in the surface scale are only possible
by extremely rapid matter transport and can only be explained
if a dissolution–precipitation process in a glass phase takes
place. In this context, the term discontinuous shape change
refers to the appearance and disappearance of plate-like crys-
tals. According to our observations, initially, equiaxial grains
and platelets form simultaneously. Subsequently, the scale
transforms and grows to strongly faceted equiaxial particles
by matter transport through the glass phase. While in com-
posite A the high level of sinter additives provides sufficient
glass phase for this process, in composite B not enough glass
is present to allow fast, considerable shape changes. As a
result, platelets do not transform into equiaxial grains, but
instead grow to larger size in a loose superficial scale.

3.3. Kinetics of lateral scale growth

Uncovered silicon nitride surface areas can be easily dis-
tinguished from titanium nitride or titanium dioxide areas
in the micrographs of the in situ oxidation experiments. A
threshold on an 8-bit greyscale was used to extract the por-
tion of uncovered silicon nitride surface area and estimate
t e by
T nted
a situ
o an
b in
t

D

DOC0 (DOC at t= 0) can be determined directly from
the graphs. It is usually around 0.4, the value expected for
a material with 35 vol.% TiN content. In some cases, how-
ever, an unusually high value of 0.6 was found for composite
B. It should be recalled that composite B develops, under
certain conditions, mainly TiO2 platelets that hide not only
the equiaxially grown TiO2 scale, but also the silicon nitride
matrix (cf.Fig. 6). Thus, the DOC curves are shifted system-
atically to too high values. Nevertheless, it is still possible to
estimate the parabolic rate parameterk with accuracy from
the slope of the curves.

Coverage of the surface by TiO2 follows a parabolic rate
law with rate constantsk as obtained by the linear curve
fit: composite A in humid air showsk= 5.4× 10−3 s−1/2

at 1000◦C and k= 1.5× 10−2 s−1/2 at 1100◦C. The rate
constant triples from 1000 to 1100◦C. For compos-
ite B similar rate constant was found under all exper-
imental conditions: in humid airk= 6.5× 10−3 s−1/2 at
1000◦C and k= 7.8× 10−3 s−1/2 at 1100◦C; in dry air
k= 7.2× 10−3 s−1/2 at 1000◦C. Almost no rate increase was
observed with temperature increase. The rate constants are
in the same order of magnitude for all experiments. The ki-
netics do not depend on the applied humidity level in the
atmosphere. At 1100◦C, the scale on composite A coalesces
by a factor 2 faster than on composite B. It is noteworthy that
scale thicknesses after the in situ oxidation, observed from
c

3

ted
b era-
t

proce
he degree of coverage (DOC) of the composite surfac
iO2. The resulting DOC of the two composites is prese
s a function of the square root of time for different in
xidation experiments inFig. 8. The experimental data c
e fitted into Eq.(1), which are displayed as straight lines

he figure.

OC = DOC0 + k
√

t − t0 (1)

Fig. 9. Schematic view of the oxidation
ross sections,16 were in the range of 1–2�m in all cases.

.4. Long-time oxidation behaviour

A general picture of the oxidation mechanism, illustra
y Fig. 9, can be drawn from the observations: At temp

ures below the glass transition temperature,Tg, of the inter-

ss mediated by the intergranular glassy film.
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granular glass (approximately 950◦C), oxidation is limited to
TiN grains that are exposed to the outer surface of the com-
posite (Fig. 9a). At temperatures above the glass transition
temperature, dissolution and transport processes within the
intergranular glass become important and govern the oxida-
tion process. Small titania nanocrystallites of the surface scale
are dissolved in the glass and reprecipitate. As a consequence,
small titania grains disappear while larger ones grow easily to
their faceted low energy morphology. Through such dissolu-
tion/reprecipitation, titania platelets transform into equiaxial
precipitates (Fig. 9b). Without glass, such changes in mor-
phology are extremely difficult, because they require the for-
mation of steps and edges and long-range matter transport,
all processes that require high energies and are therefore ex-
tremely sluggish. The intergranular glass, however, is the op-
timum transport medium for this matter transport from one
facet to the next and thus allows easy changes in morphology.

Another interesting aspect of the oxidation mechanism
is that the intergranular glass is subjected during oxidation
to a gradient in oxygen chemical potentialµO2. The gradi-
ent gives rise to a diffusional flux of oxygen,jO2, along the
grain boundaries into the bulk of the material. Subsequently,
internal titanium nitride grains are oxidized at site to tita-
nium dioxide (Fig. 9b). Moreover, the gradient in the oxygen
chemical potential acts also as a driving force for the diffu-
sional transport of the cations (Ti, Si, Y, Al) from the bulk
o ce
( of
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a g
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i
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c han
s ini-
t ta-
n the
o flux

of titanium,jTi , in Fig. 9c. At higher temperatures (1400◦C),
yttrium and aluminium from the sinter additives participated
in the diffusion to the outer surface, enriched there, and were
found together with titania in the surface scale.17

Several observations indicate that the intergranular phase
provides an important path for titania transport.Fig. 10a
shows details of the partially uncovered silicon nitride ma-
trix surface of composite B after in situ oxidation for 75 min
at 1000◦C in humid air. In the upper left corner of the im-
age, a small TiO2 grain is visible (bright contrast). The sili-
con nitride (dark contrast) is interrupted by the grain bound-
ary phase (light grey contrast). The grain boundary lines are
decorated by bright droplets of approximately 50–100 nm in
size. Similar features were observed for composite A. Those
droplets are exsoluted titania. Considerable quantities of ti-
tania are dissolved in the intergranular glass. Upon cooling,
however, the solubility limit is exceeded and small titania
precipitates are formed.

Another proof for the considerable titania transport in the
glass can be seen on the sample cross sections after the oxida-
tion.Fig. 10b presents a BSE image of a polished cross section
of composite A after oxidation for 24 h at 1000◦C in humid
air. Several large pores (dark contrast) can be observed at the
interface between the dense surface scale of titanium dioxide
(light grey in the top part ofFig. 10b) and the subscale. The
subscale is composed of silicon nitride matrix (dark grey)
a O
p ndi-
c ded
b rich
g and
t dis-
s ticles
i ginal
T lass
t the
o a-
n 1.64
(
t sur-

F 5 min after
2 ompos
f the composite (lowµO2) through the glass to the surfa
high µO2).16–18 Cations are dissolved in the inner part
he composite and diffuse to the outer surface where
re precipitated as oxides at highµO2. The fastest diffusin
pecies is most enriched at the surface. This phenome
nown as kinetic demixing, the thermodynamics of wh
re described to some detail in a classical monograph19 and

n a recent review article.20 In the case of Si3N4–TiN com-
osites with Al2O3 and Y2O3 as sinter additives, titaniu
ations (network modifier in the glass) diffuse faster t
ilicon cations (network former in the glass), and the
ially formed titanium dioxide scale grows further by ti
ium transport from the inner parts of the material to
uter surface. The transport process is indicated by the

ig. 10. (a) SE image of a detail on the surface of composite B after 7
4 h at 1000◦C. (c) TEM dark-field image of surface scale formed on c
nd rounded TiO2 particles (light grey contrast). Those Ti2
articles occupy the place of the former TiN particles, i
ating that they formed directly on site. They are surroun
y a film with dark contrast that is composed of titania-
lass. The rounded morphology of the titania particles

he surrounding glass layer clearly indicate that titania
olves in the glass. Since most of the rounded titania par
n the oxidation subscale are smaller in size than the ori
iN particles, titania must have transported through the g

o the outer titania surface scale. It is noteworthy that
xidation of titanium nitride to titanium dioxide is accomp
ied by an increase of the molar volume by a factor of
from 11.4 cm3/mol for TiN to 18.8 cm3/mol for TiO2). As
he volume of a second phase particle is confined by the

at 1000◦C under humid air. (b) BSE image of cross section of composite A
ite A after 24 h at 1000◦C.
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rounding Si3N4 ceramic, reaction-related stresses have to be
relaxed either by viscous flow or by diffusion. Even though
viscous flow may accommodate part of the volume change,
the residual stresses constitute an additional driving force for
the dissolution of TiO2 into the glass and its diffusion to the
outer surface. In addition, important porosity may develop in
the subscale. In the scheme ofFig. 9c porosity is indicated
by white circles in regions of former titanium nitride.

The TEM dark-field image inFig. 10c shows a large
quantity of intergranular glass (homogeneous bright con-
trast) in the interfacial area between the TiO2 surface scale
and the subscale. Several rounded rutile particles (grey con-
trast, marked by arrows) and small yttrium- and aluminium-
containing precipitates (100 nm in size) are visible in the
glass. The rounded surfaces are another evidence of the cru-
cial role that the glass plays in the oxidation mechanism.

From the above discussion it is understandable that titania
dissolution in the subscale and changes in titania precipitate
morphology were mainly observed in composite A, that ini-
tially after processing contains a larger quantity of intergran-
ular glass phase, and not in composite B. After processing,
composite B showed only very thin intergranular glass films,
and the global alumina/yttria-content was apparently not suf-
ficient to form enough glass to redissolve the nanoplatelets of
titanium dioxide. For the same reason the grains size of the
equiaxially grown titanium dioxide particles remained much
s
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sible to design Si3N4–TiN composites that withstand higher
temperatures for longer time.
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