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Abstract

The solid-state interaction between Si3N4 and steels can be appraised with high temperature (1000–1300 �C) static diffusion pairs.

The reaction zone thickness of the ceramic side of these couples distinguishes the chemical resistance of different Si3N4 based
compositions to the attack by iron alloys. A careful selection of the amount and composition of sintering aids for Si3N4 sintering
may contribute to increase the chemical/diffusive wear resistance during cutting of Fe-based alloys. The reaction interfaces in dif-
fusion couples were analysed with SEM/EDS and optical microscopy and the attack path within the ceramic was investigated by

TEM on reaction interfaces of selected samples. Parabolic reaction rate constants at 1423 K vary between 7�10�17 m2 s�1 for the
least reactive system and 486�10�17 m2 s�1 for the most reactive ceramic. The former is a Y2O3–SiO2 containing Si3N4 ceramic
while the latter is from the less refractory AlN–CeO2 additive system. TEM analysis proved that intergranular amorphous phases

are the preferential path for Fe penetration. A compilation of published kinetic data in Si3N4/steel interaction is thoroughly
compared with the present experimental results. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

From the pioneer work of Kramer et al.1 on the chemical
stability of ceramic cutting tools in the machining of
Fe-based alloys, it is expected that reinforcement phases
of high chemical stability contributed to increase the
chemical/diffusive wear resistance during cutting. Com-
pounds such as HfN, BN, TiN, Al2O3 having a large
negative Gibbs free energy of formation, fulfil these
thermochemical requirements. Buljan and Wayne2

showed that simultaneous additions of Al2O3 and of
HfC increase the chemical resistance of silicon nitride
composites to attack by Fe alloys in diffusion couple
experiments. The characterisation of the interaction
zones on the steel and ceramic side of the diffusion
couples yields information regarding both the reaction
kinetics and the chemical composition.
In a previous study aiming the production of compo-

sites3 it was demonstrated that changes in the matrix

composition due to partial dissolution of the fine particles
of the reinforcement phase in the sintering liquid could
induce differences of behaviour in the chemical attack
by Fe alloys4 and in the machining of steels.5 Vleugels
and co-workers assessed the effect of composition in the
Si–Al–O–N system on tools used in the machining of
steels.6 Differences in the chemical composition of the
sintering additives in Si3N4 ceramics are not yet fully
clarified, although it is clear that larger amounts of
sintering aids of the same additive system correspond to
higher reaction rates as it happens in the (Fe, Ni)–SiC
system.7

In this work, the effect of the composition of several
matrices and of the corresponding Si3N4 composites on
the reaction kinetics is investigated. Low carbon content
steel, moderately reactive with respect to other alloys
studied,8 was selected for the diffusion couples with the
different ceramics. The composition of the alloy greatly
affects the reaction kinetics and different approaches
have been used to model them, although for different
materials: Si3N4

9 and SiAlONs.10 The results are compared
with compiled data published for systems containing dif-
ferent Si3N4 ceramics and for systems containing different
types of alloys.
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2. Experimental details

In this work, distinct Si3N4 based ceramics, (Table 1),
were tested in diffusion couples (1000–1300 �C, 5–7
MPa, Ar atmosphere) against a low carbon steel, DIN
St37K, the experimental details having been given in
other publication.4 Different amounts of CeO2 (0.5 and
5 wt.%), AlN (3.3 and 6 wt.%), Al2O3 (7.5 and 12.5 wt.%),
Y2O3 and SiO2 (8+5 wt.%) were used as densification
aids for Si3N4 hot-pressing (1500–1700 �C, 30 MPa),
Table 1. Monolithic Si3N4 materials and homologous
matrices reinforced with TiN, BN, HfN or Al2O3 were
compared. Polished cross sections of the reaction interface
were analysed with SEM/EDS (Hitachi S4100/RONTEC)
and WDS-EPMA (Cameca). A TEM sample of a cross
section of a M1-DIN x20Cr13 chromium containing
steel diffusion couple was prepared by the usual means of
grinding, drilling (GATAN), polishing (Tripod Polisher,
South Bay Technologies) and precision ionic thinning
and polishing (Bal-Tec). The attack path within the
ceramic was investigated by TEM/EDS (300 kV Hitachi
H9000-NA/RONTEC) on reaction interfaces.

3. Results and discussion

3.1. Reaction of unreinforced Si3N4 matrices

The microstructures of matrices M1 and M4 obtained
by SEM are given in Fig. 1. They are both fully trans-
formed from a-Si3N4 to b-Si3N4. The grain size difference
and the distribution of the intergranular phases should

be noted. The grain junctions contain the compound
CeSiO2N in the case of M1 and the compound Y2Si2O7

for M4, as identified by X-ray diffraction. In the case of
the M2 Si3N4 ceramic only a-Si3N4 and b-Si3N4 could be
detected. For M3, however, X-ray diffraction identified
only b-SiAlON with a small value of z, the substitution
degree in the general formula of the b-SiAlONs,
Si6�zAlzOzN8�z. Accompanying the glassy phase, other
minor compounds containing nitrogen can form, due to
the small composition range of the compatibility trian-
gles.11 Fig. 2 presents the results of the reaction kinetics
with steel at 1150 �C for the tested set of matrices. The
y-axis values correspond to the square of the thickness
of the interaction zone on the ceramic side, the Reaction
Zone.9 The large difference on the decomposition reaction
of matrix M4 in the diffusion couple with the steel DIN
St37K relative to the other ceramics is due to its phase
composition and to its microstructure imposed by the
different system of sintering additives. The nitrogen
containing phases decompose in contact with steels at
high temperature, precipitating oxides as SiO2 and
Al2O3, as in the case of M3 where the amount of CeO2

is too low to be detected in the reaction products, or
also silicates and Ce containing phases in the case of M1
and M2. Other simpler oxides such as mullite and oxides
of aluminium and silicon are reaction products present in
minor amounts.12

With respect to the results of the reaction of matrices
M2 and M3, Laoui et al.13 observed in a comparable
additive system, that when partial substitution of Si–N
bonds by Al–O occurs, the larger the value of z, the
faster is the decomposition speed in contact with a carbon

Table 1

Composition and properties of the Si3N4 matrices and composites tested in the diffusion couples experiments

Ceramic Matrix composition (wt.%) Reinforcement

phase

f Density

(g cm�3)

Hardness

(GPa)

Toughness

(MPa m1=2)

Si3N4
a CeO2

b AlNc Al2O3
d Y2O3

e SiO2
f

M1 89 5 6 – – – – – 3.27 17.2 3.4

M1C3TN 89 5 6 – – – TiNh 0.3 3.90 14.6 5.8

M1C3BN 89 5 6 – – – BNi 0.3 2.97 4.5 3.7

M1C3HN 89 5 6 – – – HfNj 0.3 6.14 15.6 6.2

M2 88.7 0.5 3.3 7.5 – – – – 3.17 18.2 3.1

M2C3AL 88.7 0.5 3.3 7.5 – – Al2O3 (pl)
g 0.3 3.38 17.2 4.0

M3 87.5 – – 12.5 – – – – 3.16 17.5 3.1

M3C3AL 87.5 – – 12.5 – – Al2O3 (pl)
g 0.3 3.37 19.1 4.6

M4 87.0 – – – 8.0 5.0 – – 3.24 14.9 4.8

f, volume fraction of reinforcement.
a M11, HCStarck.
b Fluka Puriss.
c Grade C HC Starck.
d Al16SG, Alcoa.
e Grade C, HC Starck.
f Precipitated SiO2, BDH.
g Platelets grade T2, Elf Atochem.
h Ceramyg.
i A01, HC Starck.
j Mattey Johnson, Alfa.
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steel (DIN x50 Ni Cr 13). This tendency is also observed
in the reaction kinetics of the matrices M1 and M2,
while the matrix M3 has increased resistance relative to
the matrix M1. Some of the alumina and silica from the
oxidation of the Si3N4 powders formed X-SiAlON dur-
ing the densification matrix M3 or during cooling after
hot pressing. The existence of this minor phase in the
microstructure, with chemical resistance increased
regarding Si3N4, b-SiAlON and the vitreous intergranular
phase, decreases the speed of the ceramic decomposition
comparatively to M2, as already pointed out in a
comparable system.14

The intergranular phase in the M4 system, unlike the
other matrix compositions consists mainly of a very
stable silicate that protects the Si3N4 grains from attack
by the iron alloys. Since most of the sintering aids are
forming the silicate, the glassy phase amount is reduced,
so even if M4 is the material with the largest amount of
additives, (Table 1), it is also the less reactive. Fig. 3
shows the microstructure of the reaction zone of a
ceramic M4-DIN St37K steel diffusion couple. The

chemical microanalysis by SEM/EDS of the precipitates
in the reaction zone indicates the presence of Y, Si and
also Al, besides a little amount of oxygen. Although
not added as a sintering aid, the Al is present due to
contamination from the alumina milling media used
during preparation of the Si3N4–additives mixture. The
reaction products may consist of a mixed silicate or of a
(Al,Y)–Si intermetallic material with alumina particles
inside, since the oxygen signal is not as high as it would
be if the particles in the micrograph of Fig. 3(a) were
oxides. The glassy phase of the M4 matrix material
contains some alumina that prevents all the Y and Si
oxides to fully react forming the silicate. Nevertheless,
the reaction rate of matrix M4 is between 15 and 25
times lower than the other matrices, Fig. 2. It should be
pointed out that, in glasses of the Y-SiAlON system, an
increase in temperature of approximately 80 �C decreases
the viscosity of the molten glass by three orders of
magnitude.15 The differences of the ceramic M4 relative
to the other matrices were revealed already during
processing. It was experimentally observed that for the
same densification rate to be obtained at homologous
relative densities, a temperature higher by 100–150 �C is
necessary in the M4 sintering additive system. These
results indicate that, with an adequate selection of the
additive system and processing conditions, the kinetics
of reaction between silicon nitride ceramics and iron
alloys can be controlled, either by producing higher
chemical stability phases or by producing high viscosity
vitreous phases.
The presence of a continuous layer of stable phases

protecting the silicon nitride grains is, accordingly to the
experimental results, the method yielding the highest
chemical resistance.

3.2. Reaction of Si3N4 composites

Similarly to the high stability phases formed by the
reaction between Y2O3 and SiO2 in ceramic M4, com-
posites can be made to improve the chemical resistance

Fig. 1. Micrographs of ceramics M1 and M4, obtained using backscattered electrons in the SEM: (a) M1 (1650 �C/60 min) and (b) M4 (1750 �C/90

min). The dark grains are from Si3N4 whereas the bright intergranular phase in (a) and (b) respectively contains Ce and Y.

Fig. 2. Comparison of the reaction rates at 1150 �C for the diffusion

couples between steel DIN St37K and the unreinforced ceramics M1,

M2, M3 and M4.
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of the Si3N4 based materials. If the reinforcement phase
does not react, it stays in the reaction zone, forming a
composite with the metallic matrix. The attack of the
ceramic by Fe is conditioned on the presence of the
reinforcement particles, resulting an attack interface with
high roughness. The reaction of the Si3N4 composites
with carbon steel DIN St37K at 1150 �C depends on
the nature of the reinforcement phase but also on the
composition of the matrix. The reaction constants, Kr,
of the kinetics equation, r2=2Kr t, of the matrices and
composites are plotted in Fig. 4. For the composites
with matrix M1 the reactivity is at least equal to or larger
than that of the un-reinforced matrix, (Fig. 4). Alter-
natively, for the diffusion couple with the alumina platelets
there is an increase of the chemical resistance of the
composite in comparison to the un-reinforced matrix,
(Fig. 4). The presence of the alumina platelets decreases
the parabolic rate constants relative to the un-reinforced
matrix.

Relative to matrix M1, particles of TiN are thus
considered essentially inert from the standpoint of the
reactivity of the diffusion couples of the M1C3TN
composite with the steel, the ratio between the reactivity
of the matrix and of the composite being nearly 1,
(Fig. 4). The reaction rate of the composite M1C3BN
occupies an intermediate position, being more reactive
than the matrix M1 or the composite M1C3TN, but
much less than M1C3HN, with particles of HfN,
(Fig. 4). ZrO2 is always associated with HfO2,

16 so it is
possible that somehow the catalytic effect of ZrO2 on
the oxidation kinetics of Si3N4

17 also contributes for the
fastest reaction rates observed in the diffusion pairs. Fine
BN may dissolve in the sintering liquid, increasing the
liquid amount, and thus, the reaction rates.18 The compo-
sites of Si3N4–Al2O3(pl), M2C3AL and M3C3AL are
more resistant to attack by Fe than their respective
matrices. The inert tabular Al2O3 reinforcing particles
exert a net improvement in the chemical resistance of
the ceramic. In the case of the composite M3C3AL, the
reaction of fine alumina from the platelets during sin-
tering increases the amount of X-SiAlON relative to the
unreinforced matrix.
Unlike the silicates in ceramic M4, the high stability

particles added do not protect their matrices and may
even increase the reactivity toward attack by Fe, due to
some dissolution of the dispersed phase or reaction of
minor components. It can be concluded by comparing
the results of the ceramic reaction kinetics that, for a
given Fe alloy, it is the composition of the intergranular
phase of the matrix of the composite more than the
dispersed second phase that determines the speed of
attack of the Si3N4 by the alloy. More important than
the amount of sintering additive is the thermochemical
stability of the reaction products forming a continuous
and protective layer around Si3N4 grains during the
densification.

Fig. 3. (a) SEM photomicrograph of the microstructure of the reaction zone of a M4-DIN St37K steel diffusion couple (1185 �C, 80 h); (b) EDS

spectrum of the reaction products (RP) in the reaction zone. r—thickness of the reaction zone; I—reaction interface.

Fig. 4. Reaction constants, Kr, of the composites in comparison to the

reaction constants of the respective matrices. Diffusion couples with

the steel DIN St37K at 1150 �C (trace-line corresponds to the identity

Kr comp. =Kr matrix).
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3.3. Composition at interfaces

The decomposition of a dense silicon nitride ceramic
in contact with iron alloys at high temperature involves
more reactions than the well-known decomposition of
Si3N4 itself. Previous TEM investigations of M1-pure
Fe diffusion couples12 has shown that the sintering aids
react in different ways, precipitating mixed oxides but
also metallic Ce. This indicated that both oxidising and
reducing reactions accompany the decomposition of
Si3N4 as a consequence of interfacial thermodynamic
equilibrium imposed by the mass and electro-chemical
balances. In the TEMmicrograph in Fig. 5(a) one alumina
marker is visible as also are the reaction products in the
reaction zone of the diffusion couple. None of the
elements from the sintering aids is dissolved in the metallic
matrix of the reaction zone, [Fig. 6(i)]. The chemical
analysis by EDS of non-metal particles shows that the
reaction products are mixed oxides containing Si, Al
and Ce from the decomposition of the ceramic and Fe
and Cr from the metal, [Fig. 6(ii)]. These large and more
abundant particles in the reaction zone, rich in Ce, Al
and oxygen, are probably CeAlO3 oxide, a transient phase
that appeared in the hot pressing of Si3N4 ceramics of
the CeO2-AlN additive system.19 Smaller particles,
[Fig. 6(iii)], in the reaction zone do not contain any Ce,

beingmost probably silica ormullite. These compounds are
neither homogeneous in their distribution, composition,
size or type of agglomerates. They coalesce during the
recession of the interface into the ceramic as the Si3N4 is
being consumed, leaving the more chemically resistant
new oxide compounds in small islands in the metal.
After formation, the initial oxides stay further away
from the reaction interface, and thus, further away from
the oxygen source. It is thus expected different distribution
of the reaction products in diffusion couples prepared
for different reaction times.
Ce has a significant role on the overall reaction, as is

demonstrated by the distinct reaction rates of ceramics
containing Y2O3 or CeO2 as sintering additives in M1,
M2 and M4. The chemical analysis of the ceramic of the
diffusion couple, Fig. 5(b), evidences that Fe diffuses
into it to some extent, [Fig. 6(v)]. In the reaction inter-
face the steel may be in contact with both the Si3N4

grain but also with oxidised glassy phase that does
not contain any Ce, Figs. 5(c), (d) and 6(iv). Ce was
also found in the metallic matrix, but only far away
(>50 mm) from both the reaction interface and the
reaction zone. Although not present as a pure metal
as in the case of M1-pure Fe diffusion couples,12 it
may appear in its elemental form but dissolved in the
Fe–Cr alloy.

Fig. 5. TEM micrographs of a M1-DIN x20Cr13 diffusion couple showing the positions of the chemical analysis presented in Fig. 6(i)–(v). (a)

Reaction Zone with alumina platelet marker; (b) microstructure of ceramic and of interface; (c) details of the interface between steel and Ce depleted

ceramic; (d) vitreous zone at the interface with the metal. M—RZ: metal in Reaction Zone, r—reaction zone thickness.
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This analysis confirms that the more refractory the oxi-
des formed during sintering and the lower the solubility of
the metallic element in the Fe alloys, the lower the
reactivity of these ceramics is in contact with the steels.
The Fe and Ce interdiffuse through the intergranular
phase of the Si3N4 ceramic, the Ce reaching the metal
and diffusing further away from it into the metal, leaving
a depleted zone near the attack or reaction interface on
the ceramic side.

3.4. Intergranular diffusion

Due to the existence of the vitreous intergranular
phase, it is possible that Fe can diffuse several micro-
meters inside the ceramic, as it happens in machining
tests,20 in the case of the low stability M1 matrix. The
results of the micro-probe element analysis revealed the
existence of a Fe concentration profile inside the ceramic.
The concentration of the Fe, present just in the ceramic
vitreous phase, was corrected to account for the volume

fraction and density of the glass, (Fig. 7). Fe reaches
about 40 mm inside the ceramic after reaction at 1150 �C
for 30 h, and approximately 20 mm for a reaction time
of 10 h. The interdiffusion in the vitreous phase depends
on the coefficients of diffusion of all the present species,
and the depth of diffusion of the Fe is determined by the
requirement for local equilibrium.
In Fig. 8 values of diffusion coefficients of several

elements in Si3N4, in the intergranular phase of Si3N4

ceramics and in some silica glasses are compiled, to help
elucidate the effect of the glassy phase on the reaction
with metals. It should be noted that the data for the
diffusion coefficients of Si and N in Si3N4 are quite dif-
ferent among diverse authors. This is due to the large
difference between the values of the effective diffusion
coefficient obtained by hot pressing, and those measured
in silica glasses or in Si3N4 grains.
While Si and N have very low diffusion coefficients in

the intergranular phase of the ceramic, cations as Fe2+ or
Ca2+ and anions as O2-, possess large diffusion coefficients
in glasses. The activation energy for the diffusion in
these systems approaches the values recorded for the
reaction kinetics of diffusion couples with M1 ceramic8

only for the data obtained by hot pressing or for the
diffusion of Fe in oxynitride glasses. The values of the rate
constants of the decomposition reaction in the systems
M1-DINx20Cr13 and M3C3AL-DIN St37K, are com-
pared in Fig. 9 with the values of the rate constants of
passivating oxidation of Si3N4 ceramics with additive
system of CeO2 and AlN. M1-AC1 and M3C3AL-DIN
St37K are, among the diffusion couples systems, the
more and the less reactive, respectively.4,8 It should be
noted that the rate of oxidation in the passivating
regime approaches that of the Si3N4 decomposition
reaction, (Fig. 9). This result suggests that the formation
of a passive layer of vitreous nature in the ceramic surface
decreases the reactivity with respect to the Fe alloy. This

Fig. 6. EDS spectra of the phases present in the reaction zone (analy-

sis of zones indicated in the TEM micrographs of Fig. 5).

Fig. 7. Concentration profile of Fe in the vitreous phase, obtained by

EPMA inside the ceramic in the diffusion couple M1-DIN St37K

(1150 �C/30 h).
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decrease is related to the reaction products, what is
compatible with the effect of the composition of the
ceramics or of the composites in the reaction kinetics as
discussed above. The comparison of the results in Fig. 9
suggests that the Si and N diffusion coefficients for the
transport in the ceramic when increased by the presence
of the Fe, coincidentally will be comparable to the dif-
fusion coefficients of Fe and Si in the metallic alloy.21

The values of the activation energy for the formation of
the reaction zone are similar to the values measured for
the diffusion of N in the vitreous phase, as obtained by
hot pressing and other methods. These close values
indicate that for sufficient fast diffusion in the alloy the
overall reaction-diffusion control will be on the ceramic

side, whereas the opposite is true if the reaction is
hindered by slow diffusion or build up of reaction products
on the metal side. The activation energy for the oxidation
of ceramics of approximate composition is also similar
showing that the ceramic composition controls different
types of processes.

3.5. Reaction in other Si3N4-alloy systems

In Fig. 10 the effect of the temperature on the reaction
rate constants of different systems is plotted. Data is
from the present work and from literature. The data
includes values for reaction rates of silicon nitride ceramics
with sintering additives such that the substitution degree

Fig. 8. Diffusion coefficients in Si3N4 and glasses: (Si3N4+Si)a;27 (b-Si3N4)
b,f;27 (glass, SiO2)

c,h;28 (GB, HP)d;29 (GB, HP)e;28 (glass, Si–Na–

Ca–O)g,i,k;28 (glass, Si–Y–N–O)j30 (GB—Si3N4 ceramic grain boundary, HP—uniaxial hot-pressing).
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in SiAlONs is nearly zero. The data range represented in
Fig. 10, includes the values corresponding to the most
and the least reactive metals towards ceramic M1, steels
DIN x20Cr13 and DIN C105W1, respectively.8 In the

different diffusion couple systems, ceramics with the
same composition are represented by the same symbol.
When the content of alloying elements, such as Cr or

other nitride and carbide forming elements increases,
the reactivity of such an alloy in contact with the same
ceramic also increases relatively to reaction with pure
iron. This is clear in the data obtained from Peteves and
co-workers.22 Carbide and nitride former elements in
iron alloys, such as Cr, Mo or V23,24 are also a-Fe phase
stabilizers. As sustained in a previous publication, the
transition from g-Fe to a-Fe results in an increase of the
reaction speed,9 and thus two concurrent mechanisms
are expected to contribute to the increase of reactivity.
The data obtained in the present work is compatible

with the published data, obtained in similar conditions
(Fig. 10). The largest difference is observed for the sin-
gle-point experiments of Peteves22 and of Heikinheimo
and co-workers.25 Peteves et al.22 used a nitrogen atmo-
sphere that allows the formation of a CrN layer between
the ceramic and the alloy, which changes the reaction
control to the diffusion of N in that layer. The reaction
rate is thus decreased with respect to atmospheres without
nitrogen. The results of Heikinheimo25 are not compatible
with the other studies of diffusion couples between pure

Fig. 9. Reaction constants in diffusion couples between the ceramic M1 and the steel DIN x20Cr13 and the composite M3C3AL and the steel DIN

St37K, and constants of oxidation in passivation regime, for Si3N4 ceramics of the same system of additives of ceramic M1 (CeO2–AlN), the less

oxidation resistant containing more liquid phase.29

Fig. 10. Effect of temperature on the reactivity of silicon nitride cera-

mics in contact with different Fe alloys; references: �,10 +,22 �,25 ^,26

&,31 &;32,33 bold traces represent reaction with ceramic M1;8 same

ceramic has same symbol.
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iron and Si3N4 ceramics. This result suggests that the
intergranular phase of a MgO containing ceramic is less
protective than the one obtained with other sintering
additive systems. However, it should be noted that in other
works involving Si3N4 with MgO as a sintering additive
there are not such large differences in reactivity.18,26

The effect of the alloy base metal composition on the
reaction rate constants is presented in the Arrhenius
plot of Fig. 11. Data are from reaction of Si3N4 ceramics
with pure Fe, pure Co, pure Ni and Ni based alloys. For
a given Si3N4 ceramic the reactivity with pure Fe, Co or
Ni is nearly the same. The same result was obtained for
the reaction of SiC with Ni and Fe, with enhanced
reaction rates being observed only for diffusion couples
with binary Fe–Ni compositions close to 50:50.7 For the
Ni base alloys there is a tendency for increased reactivity
with the amount of Cr or carbide forming elements in
solution, although the results are not very different from
those observed in the diffusion couples with the iron alloys,
(Fig. 10). Again, since the data correspond to diffusion
couples with different ceramics, it is difficult to attribute
the differences between the reaction rate constants
obtained by all the authors to the composition of the alloy
alone.

4. Conclusions

The Y2O3–SiO2 (M4) additive system is the less reactive
in contact with iron at high temperature followed, in
this order, by the CeO2–AlN (M1), the Al2O3 (M3) and
the CeO2–AlN–Al2O3 systems.
The alumina platelets in the M2 and M3 matrix com-

posites result in a net increase in chemical resistance
whereas TiN behaves as an inert and HfN and BN
composites have increased reactivity relatively to their
corresponding unreinforced matrices.

The most effective method of chemical protection is the
formation of a continuous layer of stable crystalline phases
or high viscosity glassy phases as in the M4 system.
The decomposition of the ceramics results in the

formation of new oxides or intermetallics in the reaction
zone in the newly formed Fe–Si alloy. In the M1 ceramic
reaction progress is due to interdiffusion of Fe and Ce in
the glassy phase, resulting in a cerium depleted zone
near the reaction interface. The activation energies for
the reaction with iron or for oxidation are approximate
in ceramics with the same types of additives.
The large differences in the kinetic reaction constants

for different Fe–Si3N4 ceramic diffusion couples are due
both to the composition of the alloy or to the composition
of the additives, since the diffusion coefficients of Fe and
N in oxynitride glasses are close to the interdiffusion
coefficients of Fe–Si in a-Fe(Si) alloys.
Ni and Co base alloys behave in the same manner of

Fe base alloys in the contact with Si3N4 ceramics.
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