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In relation to joining of silicon nitride ceramics to metal, an extensive experimental study of
the reaction between Si3N4 and 25%Cr-20%Ni austenitic stainless steel was conducted.
Reaction rates were determined by thermogravimetry (TG) and reaction products were
examined by X-ray diffraction. Cr2N, CrN, Cr3Ni5Si2 and Fe3Si were produced under a
nitrogen atmosphere. Fe5Si3 and FeSi also were produced under an argon atmosphere. The
reaction products were analyzed according to thermodynamic considerations. The
incubation period was found in TG curves and it was much shorter under a nitrogen
atmosphere than under an argon atmosphere. The rates at early stages and late stages of
reaction were given by linear and parabolic rate laws, respectively. Possible reaction
mechanisms were proposed based on the results of the TG analysis. C© 2000 Kluwer
Academic Publishers

1. Introduction
Silicon nitride is an attractive structural ceramic for
high-temperature service conditions because of its
excellent thermal and mechanical properties. The
inherent brittleness associated with silicon nitride ce-
ramic limits its application as structural components. In
addition, complex-shaped and large sized components
are difficult to fabricate, owing to poor machinability.
In some cases, however, utilization of such ceramics
can be expanded by joining ceramics to metals [1–9].
Among several joining methods proposed, in particular,
diffusion bonding is a relatively simple technique for
joining ceramics to metals. A reaction layer is formed
at the silicon nitride/metal interface during diffusion
bonding, and grows further in high-temperature service
of the joints. Excessive growth of the reaction layer
results in chemical and mechanical degradation of the
joint. Thus, examination of the reaction products and
reaction mechanism between silicon nitride and metal
can provide useful insight into ceramic/metal bonding.
Furthermore, the compatibility between silicon nitride
and metal also is of great significance when ceramics
are employed in direct contact with metals at elevated
temperatures. Austenitic stainless steels with excellent
heat-resistance characteristics are promising as the
bonding couple to silicon nitride ceramics. Si3N4
produces silicides and nitrides by reacting with iron,
chromium and nickel as the constituents of stainless
steel [10–12 ]. Although the reaction between Si3N4
and austenitic stainless steel has been studied, the reac-

tion products formed at the interface of ceramic/metal
bonds have not yet been made clear [13–15]. This is be-
cause the reaction between bulk samples is too sluggish
to detect the reaction products in a limited time heat-
ing. Using the powder sample, therefore, can reduce
markedly the time required to observe the occurrence
of new phases at the interface between Si3N4 and metal
[16–21]. Thus, from a short period of experiment,
it is possible to predict the interfacial reactions, the
coexisting phases and the solid-state diffusion in the
ceramic/metal bond after long time service at higher
temperature.

In this paper, using a powder sample, the interac-
tion of Si3N4 with austenitic stainless steel SUS3010L,
in particular the effect of atmosphere, temperature and
time which are the important parameters of diffusion
bonding, was investigated in detail. The reaction prod-
ucts were determined by X-ray diffraction and were
submitted to thermodynamic consideration. Thermo-
dynamic modelling is a useful tool in predicting the
behavior of Si3N4/metal systems. Furthermore, based
on kinematic analysis of thermogravimetric data, the
probable reaction mechanism was proposed in order to
appreciate the growth of the reaction layer contributing
to the bond strength.

2. Experimental procedure
The starting materials were silicon nitride powder
(Ube Industries Ltd., SN-E10,α fraction=95%, purity
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98.5%, mean particle size 0.2µm) and stainless
steel SUS310L powder (Kobe Steel Ltd, Fine Atmel
SUS310L, 0.014%C-0.85%Si-0.15%Mn-19.93%Ni-
24.25%Cr, mean particle size 12.5µm). Two grams
of Si3N4 powder and 2 g of SUS310L powder were
thoroughly mixed in a silicon nitride mortar, and then
the mixture was compacted into a tablet of 20 mm in
diameter.

The thermobalance unit for thermogravimetry (TG)
consisted of an automatic recording balance (sensitiv-
ity: 0.1 mg) and a silicon carbide resistance furnace.
When the desired temperature was reached, either ni-
trogen or argon gas was flowed from the bottom of
the furnace at a pressure of 1.01× 105 Pa and a flow
rate of 2.5× 10−5 m3 · s−1. The tablet specimen was
placed in a magnesia crucible (26 mm in inner diam-
eter and 35 mm in depth) suspended into the hot zone
of the furnace (alumina reaction tube of 44 mm in in-
ner diameter) with a platinum wire connected to the
balance. The mass change was recorded automatically
during each experiment. Upon completion of the mea-
surement, the specimen was cooled rapidly by raising
the crucible into the low-temperature zone of the fur-
nace. The reaction products were analyzed by X-ray
diffraction.

3. Results
3.1. TG curves
Fig. 1 shows TG curves for Si3N4/SUS310L mix-
ture heated continuously from room-temperature to
1573 K under a nitrogen or an argon atmosphere.
The mass change, 100×1W/W0 is the ratio of the
mass change determined by TG to the initial mass
of the mixture. Under a nitrogen atmosphere, a mass
gain occurred at 950–1270 K and it turned to a rapid
mass loss above 1270 K. Under an argon atmosphere,
only mass loss was observed. There was a gradual
mass loss at 1150–1220 K and rapid mass loss above
1220 K.

Figure 1 Mass change of Si3N4/SUS310L mixture heated continuously
from room temperature to 1573 K.

Figure 2 Mass change of Si3N4/SUS310L mixture heated isothermally
at 973–1573 K under nitrogen atmosphere.

Fig. 2 shows TG curves for the Si3N4/SUS310L mix-
ture heated isothermally at 973–1573 K under a nitro-
gen atmosphere. Below 1373 K, a mass gain was ob-
served at the early stage of reaction. The mass gain
turned to a mass loss during a long period of heat-
ing. The turning point from mass gain to mass loss
was shortened with increasing temperature. Even above
1423 K, the mass increased rapidly at the extremely
early stage of reaction, and subsequently, a remark-
able decrease in mass within about 1 ks was followed
by a gradual decrease in mass. As shown in Si3N4/Cr,
Si3N4/Fe-Cr alloy and Si3N4/SUS304L steel systems,
the mass gain is thought to be due to the nitridation
of chromium as a constituent of SUS310L by nitrogen
gas [16, 18, 20]. On the other hand, the mass loss is
associated with the generation of nitrogen gas during
formation of solid solution and silicides [16, 18, 20].

The isothermal TG curves under an argon atmo-
sphere are shown in Fig. 3. No mass change was
observed below 1073 K. The mass loss, which is
attributable to the formation of solid solution and sili-
cides [16, 18, 20], was observed above 1123 K. All
TG curves were divided into three stages, as follows:
first stage (the incubation period) at which the mass de-
creased only slightly; second stage at which the mass
decreased rapidly within about 1 ks; and third stage
at which the mass decreased gradually. The incuba-
tion period was remarkably shortened with an increase
in temperature. Thus, the incubation period was only
120 s at 1573 K, while the incubation period appears
to continue within the experimental time of 72 ks at
1073 K.

3.2. X-ray diffraction
Fig. 4 shows X-ray diffraction patterns of the Si3N4/
SUS310L mixture heated for 72 ks at 973–1573 K
under a nitrogen atmosphere. Cr2N and CrN were pro-
duced below 1123 K and at 1073–1323 K, respectively

5486



P1: FDB [RD1: JMS] KL958A-6025-00 August 1, 2000 14:56

Figure 3 Mass change of Si3N4/SUS310L mixture heated isothermally
at 1073–1573 K under argon atmosphere.

[22, 23]. The crystal structure of austenitic stainless
steel SUS310L in the as-received state was identified
asγ phase by X-ray diffraction [24]. Since a mass loss
was observed in the TG curve,γ phase formed a solid
solution with silicon even at 973 K. This was veri-
fied from the diffraction peaks ofγ phase, which were
shifted to the high angle side. While Si3N4 coexisted at
all temperatures [25],γ phase disappeared at 1423 K
and alternatively Fe3Si was formed above 1373 K [26].
This suggests the formation of a reaction layer around
the SUS310L particles. The diffraction pattern of an
unknown phase (X) was observed at 1373–1523 K.
From chemical analysis, X phase was estimated to be
an Fe-Cr-Si-N quarternary compound [18]. In addition,
Cr3Ni5Si2 was formed at 1423–1523 K [27]. At 1573 K,
both the compounds decomposed and only Fe3Si was
observed.

Fig. 5 shows X-ray diffraction patterns of the Si3N4/
SUS310L mixture heated for 72 ks at 1073–1573 K
under an argon atmosphere. At 1173–1323 K, Cr2N

Figure 4 X-ray diffraction patterns of Si3N4/SUS310L mixture heated for 72 ks at 973–1573 K under nitrogen atmosphere.

was produced by the reaction of chromium in SUS310L
with the free nitrogen from Si3N4. The diffraction pat-
terns of Si3N4 were observed at all temperatures. It is
evident from Fig. 3 that a solid solution ofγ phase
with silicon was formed above 1123 K. At 1223 K,
the disappearance ofγ phase and the alternative occur-
rence of Fe3Si and Cr3Ni5Si2 were observed. Above
1323 K, only iron silicides were detected owing to the
decomposition of Cr3Ni5Si2. With increasing tempera-
ture, the silicides were changed from Fe5Si3 at 1323 K
to FeSi at 1523 K [28, 29]. Chromium and nickel as
the constituents ofγ phase (SUS310L) seem to be dis-
solved in the iron silicides. Therefore, strictly speak-
ing, the silicides must be described as (Fe,Cr,Ni)3Si,
(Fe,Cr,Ni)5Si3 and (Fe,Cr,Ni)Si.

To reveal the temperature and time dependence of re-
action products, Si3N4/SUS310L mixtures heated for
0.9, 7.2, 18 and 72 ks at temperatures from 973 to
1573 K were examined by X-ray diffraction. These
results are summarized in Figs 6 and 7 by the tem-
perature versus time diagrams for the reaction prod-
ucts. With increasing temperature and on prolonged
heating, the reaction products under a nitrogen atmo-
sphere changed fromγ phase (Fe-Cr-Ni-Si solid so-
lution) to Fe3Si. Cr2N and CrN were stable phases at
lower temperatures. X phase (Fe-Cr-Si-N compound)
and Cr3Ni5Si2 were formed as transient products. On
the other hand, the reaction products under an argon
atmosphere (Fig. 7) changed fromγ phase to FeSi,
and then the Si/Fe ratio of silicides became larger in
the following order: Fe3Si, Fe5Si3, FeSi. In addition
to the silicides, Cr2N and Cr3Ni5Si2 were transiently
produced.

4. Discussion
4.1. Reaction products under

a nitrogen atmosphere
Stainless steel SUS310L, which consists principally of
iron, chromium and nickel, has an austenitic structure
(γ phase). Since chromium increases the solubility of
nitrogen inγ -Fe, the stainless steel has appreciable
solid solubility of nitrogen [30]. In addition, chromium
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Figure 5 X-ray diffraction patterns of Si3N4/SUS310L mixture heated for 72 ks at 1073–1573 K under argon atmosphere.

Figure 6 Temperature versus time relationship for reaction products in
Si3N4/SUS310L mixture heated under nitrogen atmosphere.

Figure 7 Temperature versus time relationship for reaction products in
Si3N4/SUS310L mixture heated under argon atmosphere.

is a strong nitride-forming element. As seen from Fig. 2,
mass gain occurred at early stages of reaction as a result
of the interstitial solution of nitrogen inγ phase and the
formation of chromium nitrides. Two types of nitride,
Cr2N and CrN, were produced by the reaction between
chromium in SUS310L and nitrogen gas. Their stan-
dard free energy changes,1G◦, are as given below [31]:

2Cr+ 1/2N2(g)= Cr2N(s) (1)

1G◦/J ·mol−1 = −99200+ 46.99T

Cr+ 1/2N2(g)= CrN(s) (2)

1G◦/J ·mol−1 = −113400+ 73.22T

whereCr stands for chromium which is dissolved in
SUS310L. The Raoultian activity of chromium,aCr, rel-
ative to pure solid chromium must be used for the ther-
modynamic calculations. Fe-Cr-Ni alloy (SUS310L)
may be approximately regarded as an ideal solution
[32, 33]. Therefore,aCr is nearly equal to the mole frac-
tion of chromium,NCr= 0.27. The dissociation pres-
sure of chromium nitrides is shown in Fig. 8. Under
a nitrogen pressure ofpN2= 1.01× 105 Pa (1 atm),
Cr2N and CrN are stable below 1443 and 1348 K, re-
spectively. Figs 4 and 6 show that Cr2N was produced
below 1273 K and CrN was produced at temperatures
of 1173–1323 K. This result is consistent with the ther-
modynamic calculation.

As seen from Fig. 2, the mass gain changed to mass
loss at later stages of reaction. In addition, X ray diffrac-
tion showed a small peak shift ofγ phase to the high-
angle side below 1323 K (Fig. 4). These results imply
the occurrence of reaction that involves the generation
of nitrogen gas and the substitutional solution of silicon
having a small atomic radius in theγ phase [31]:

Si3N4(s)= 3Si+ 2N2(g) (3)

1G◦/J ·mol−1 = 723800− 315T

where Si stands for silicon in solid solution with
SUS310L. From Fig. 6, it can be seen that Fe3Si was
produced above 1373 K. The reaction and its standard
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Figure 8 log pN2 versus temperature relationship for formation of Cr2N,
CrN, Fe3Si, Fe5Si3, FeSi, FeSi2, Cr3Si and Ni3Si.

free energy change for the formation of Fe3Si are
given by:

9Fe+ Si3N4(s)= 3Fe3Si(s)+ 2N2(g) (4)

1G◦/J ·mol−1 = 479500− 2.51T ln T − 6.15

× 10−2T2− 6.40× 106T−1

− 344T

Fe is iron as a constituent of SUS310L and its activ-
ity, aFe, is nearly equal to 0.54. Fe5Si3, FeSi and FeSi2
also are found as iron silicides in the Fe-Si phase dia-
gram [34]. A silicide with a high Si/Fe ratio is consid-
ered to be produced by reaction between Si3N4 and a
silicide with a low Si/Fe ratio. Therefore, the following
reaction should be considered:

15Fe3Si(s)+ 4Si3N4(s)= 9Fe5Si3(s)+ 8N2(g) (5)

1G◦/J ·mol−1 = 1749600− 600T ln T

+ 2.21× 10−1T2+ 2.87

× 107T−1+ 125T

3Fe5Si3(s)+ 2Si3N4(s)= 15FeSi(s)+ 4N2(g) (6)

1G◦/J ·mol−1 = 1168000− 0.88T ln T

+ 8.80× 10−2T2− 1.87

× 106T−1− 709T

3FeSi(s)+ Si3N4(s)= 3FeSi2(s)+ 2N2(g) (7)

1G◦/J ·mol−1 = 697220+ 20.8T ln T

+ 2.70× 10−3T2

− 5.10× 105T−1− 422T.

The values of1G◦ were calculated from the heat ca-
pacities, the standard enthalpies and entropies [35].
Fig. 8 shows temperature dependence of the equi-
librium nitrogen pressures for the formation of the

various iron silicides. Under a nitrogen atmosphere
(pN2= 1.01× 105 Pa), Fe3Si, Fe5Si3, FeSi and FeSi2
may be produced above 1214, 1468, 2330 and 2750 K,
respectively. Thermodynamic calculation suggests that
the reaction between Si3N4 and SUS310L produces
both Fe3Si and Fe5Si3 in the experimental temperature
range. While Fe3Si was produced above 1373 K, Fe5Si3
was not produced even at 1573K. X-ray diffraction did
not detect Fe5Si3, probably due to the formation of a
limited amount of Fe5Si3 as discussed below.

When all iron in SUS310L is converted into Fe3Si,
the mass loss,−100×1W/W0, is calculated to be
3.1 from the stoichiometry of reaction (4). The mass
loss at 1423–1573 K exceeded 3.1 (Fig. 2), imply-
ing that other silicides also were produced. Thus,
X-ray diffraction indicates the formation of X phase
(Fe-Cr-Si-N quarternary compound) and Cr3Ni5Si2 at
1423–1523 K. At 1573 K, however, only Fe3Si was
produced. This implies that both chromium and nickel
formed the solid solution with Fe3Si. According to the
Fe-Si phase diagram,β1 phase (Fe3Si) is the nonsto-
ichiometric compound which has the maximum solid
solubility of 18.4mass%Si [34]. The maximum value of
the mass loss, therefore, is calculated to be 6.1, when
β1 phase with 18.4mass%Si and the same Fe : Cr : Ni
ratio as SUS310L is produced. This calculated value is
smaller than the measured value of 6.7 at 1573 K. From
thermodynamic estimation, this might be attributed to
the formation of a small amount of Fe5Si3, which was
not detected by X-ray diffraction.

The silicides of chromium and nickel, as the con-
stituents of SUS 310L, also must be taken into consid-
eration [31]. For there:

9Cr+ Si3N4(s)= Cr3Si(s)+ 2N2(g) (8)

1G◦/J ·mol−1 = 405000− 305T

9Ni + Si3N4(s)= Ni3Si(s)+ 2N2(g) (9)

1G◦/J ·mol−1 = 308900− 329T.

The activities of chromium and nickel in SUS310L,aCr
andaNi, are approximately 0.27 and 0.19, respectively.
The equilibrium nitrogen pressures for the formation of
Cr3Si and Ni3Si are shown in Fig. 8. Cr3Si and Ni3Si
should be produced above 1956 and 1509 K under a ni-
trogen atmosphere (pN2= 1.01× 105 Pa), respectively.
Therefore, Ni3Si should be produced at the experimen-
tal temperature. Ni3Si, however, was not detected by
X-ray diffraction, owing to the formation of a solid so-
lution of nickel with Fe3Si.

4.2. Reaction product under
an argon atmosphere

Under an argon atmosphere, chromium is nitrided by
the nitrogen gas liberated from Si3N4. The chromium
nitrides, however, are unstable because of a low par-
tial pressure of N2 gas. Fig. 8 shows that the disso-
ciation pressure of CrN is higher than that of Cr2N.
Therefore, only Cr2N was produced at temperatures
of 1173–1323 K (Figs 5 and 7). The coexisting
phases were Fe-Cr-Ni-Si solid solution at 1173 K, and
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Fe3Si+Cr3Ni5Si2 at 1223–1323 K. The observed mass
loss implies that a part of the nitrogen gas evolved by
the formation of such phases was consumed in pro-
ducing Cr2N. At higher temperatures, Fe5Si3 and FeSi
were produced (at 1323 and 1523 K, respectively). The
formation of iron silicides is represented by reactions
(4), (5) and (6). Under an argon atmosphere, the partial
pressure of nitrogen is considered to be low enough to
produce Fe5Si3 and FeSi. For example, the thermody-
namic calculation indicates that FeSi is produced under
nitrogen pressure lower than 7.12× 102 Pa at 1573 K.
From Equations 8 and 9, the equilibrium pressures of
Cr3Si and Ni3Si can be estimated as 4.86× 103 and
1.67× 105 Pa at 1573 K, respectively. Since these val-
ues are higher than the equilibrium nitrogen pressure
for the formation of FeSi, both Cr3Si and Ni3Si should
be produced under an argon atmosphere. However, they
were not detected by X-ray diffraction. The reason is
thought to be because both chromium and nickel form
a solid solution with iron silicides, as confirmed by the
following result. When the mass loss exceeds the stoi-
chiometric value of 5.6 for (Fe,Cr,Ni)3Si and of 10.0 for
(Fe,Cr,Ni)5Si3, (Fe,Cr,Ni)5Si3 and (Fe,Cr,Ni)Si should
be produced, respectively. By comparing Fig. 7 with
Fig. 3, it can be seen that the observed values agree
roughly with the above stoichiometric ones.

4.3. Incubation period
As seen from Fig. 3, TG curves determined under
an argon atmosphere are divided into three stages: a
first stage where practically no reaction occurs, a sec-
ond stage where the reaction proceeds rapidly and a
third stage where the reaction gradually slows down
its rate. The first stage is referred to as an incubation
period. An incubation period was found in TG curves
under a nitrogen atmosphere as well. Fig. 9 indicates the
relationship between the incubation period and the reac-
tion temperature for Si3N4/SUS310L. The TG curve at
1073 K under an argon atmosphere showed consistently
the incubation period within the experimental time. The
incubation period was shortened to about 147 s with

Figure 9 Incubation period for reaction between Si3N4 and SUS310L.

increasing temperature. The duration of about 147 s is
not the incubation period but is thought to be the heating
time required to heat the sample to the given tempera-
ture. In addition, the incubation period is much shorter
under a nitrogen atmosphere than under an argon atmo-
sphere. This is because the chromium nitride layer is
formed around SUS310L particles at the earliest stage
of reaction under a nitrogen atmosphere. Si3N4 is diffi-
cult to react with SUS310L owing to different types of
bond. Such a gap between Si3N4 and SUS310L phases
is bridged by the formation of the chromium nitride
with the common constituents of both phases, resulting
in the earliest occurrence of the reaction between Si3N4
and SUS310L. Thus, the chromium nitride has a bridg-
ing effect on the reaction between Si3N4 and SUS310L.
Consequently, under a nitrogen atmosphere the reaction
between Si3N4 and SUS310L which caused the mass
loss in TG curves was observed even at 973 K, whereas
under an argon atmosphere, the reaction proceeded only
above 1123 K.

4.4. Reaction mechanism
Fig. 2 indicates that it is very difficult to analyze kine-
matically the TG data under a nitrogen atmosphere.
Therefore, only the rate data under an argon atmosphere
(Fig. 3) is discussed.

In the early stage of reaction, Si3N4 reacts directly
with SUS310L and nitrogen gas escapes through the
interparticle pores in powders. In such a case, its rate is
described by a linear rate law [17–21]:

100×1W/W0 = k1× t (10)

wherek1 is a linear rate constant. Fig. 10 shows that
the linear rate equation is applicable during the early
stages of the TG curves. Arrhenius plots of the rate
constant,k1, are shown in Fig. 11. The variation of
k1 with temperature changes at 1423 K. Similar re-
sults were obtained for Si3N4/Fe, Si3N4/Fe-Ni alloy,
Si3N4/SUS304L stainless steel and Si3N4/Ni-Cr alloy

Figure 10 Application of linear rate law to TG data shown in Fig. 3.
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Figure 11 Arrhenius plots for rate constant of linear rate law,k1.

systems [17–21]. The activation energies were esti-
mated as 123 kJ/mol above 1373 K and 279 kJ/mol be-
low 1373 K, respectively. The activation energy above
1373 K was nearly equal to that for Si3N4/Fe-Ni alloy,
Si3N4/Fe and Si3N4/SUS304L systems above 1373 K;
i.e., 98, 106 and 97 kJ/mol [17–20]. In addition, the
values ofk1 varied within the same orders of magni-
tude: for example, 1.9×10−4 s−1 for Si3N4/SUS310L,
2.5× 10−4 s−1 for Si3N4/Fe-Ni alloy, 3.9× 10−4 s−1

for Si3N4/Fe and 2.6×10−4 s−1 for Si3N4/SUS304L at
1573 K. Therefore, the reaction rates of the four systems
are considered to be determined by the same elementary
step. The low activation energy is probably due to the
weak temperature dependence of the diffusivity of gas
(D); D ∝ T1.5 or T1.8 [36]. At higher temperatures, the
reaction proceeds rapidly to vigorously generate nitro-
gen gas, resulting in difficulty of nitrogen gas escaping
through the interparticlar pores in the powder. Thus, the
reaction rate at higher temperatures may be determined
by gaseous diffusion. On the other hand, the activa-
tion energy for Si3N4/SUS310L system below 1373 K
(279 kJ/mol) is double that above 1423 K (123 kJ/mol).
Then, the rate constant,k1, for Si3N4/SUS310L was
smaller thank1 for Si3N4/Fe, Si3N4/Fe-Ni alloy and
Si3N4/SUS304L systems: for example, 4.2× 10−7 s−1

for Si3N4/SUS310L, 1.1× 10−6 s−1 for Si3N4/Fe-Ni
alloy and 4.4× 10−6 s−1 for Si3N4/Fe, 1.5× 10−5 s−1

for Si3N4/SUS304L at 1173 K. The high activation en-
ergy and the small value ofk1 implies that the rate of
the reaction between Si3N4 and SUS310L at lower tem-
peratures is controlled by interfacial reaction.

When the metal particles were completely covered
by a reaction layer, the reaction between Si3N4 and
SUS310L proceeds through five basic steps:

1. Solid-state diffusion of Si through the reaction
layer.

2. Solid-state diffusion of Fe, Ni and Cr through the
reaction layer.

Figure 12 Application of parabolic rate law to TG data shown in Fig. 3.

3. Chemical reaction at the interface between Si3N4
and reaction layer.

4. Chemical reaction at the interface between reac-
tion layer and SUS310L.

5. Diffusion of N2 gas through the interparticle
pores.

The reaction rate between Si3N4 and metals was con-
trolled by the solid-state diffusion through the reac-
tion layer and consequently it obeyed the following
parabolic rate law [17–21]:

100×1W/W0 = k1/2
p × t1/2 (11)

wherekp is a parabolic rate constant. Application of rate
Equation 11 to the TG data under an argon atmosphere
is shown in Fig. 12. The linear relations with different
slopes were obtained in the ranges of 100×1W/W0=
−5∼−9 and =−9. Comparing Fig. 3 with Fig. 7
shows that each range approximately corresponds to
the region of Fe5Si3 and FeSi, respectively. Neither the
linear nor the parabolic rate law was applicable to the
TG data in the range of−25100×1W/W05 − 5.
The reason is because the reaction rate is not controlled
by a single elementary step. Fig. 13 shows Arrhenius
plots of the parabolic rate constant,kp. The slopes of
plots yield the activation energies of 184kJ/mol in the
Fe3Si region and 494 kJ/mol in the Fe5Si3 region. Since
iron is the main constituent of SUS310L, Fe-Si solid so-
lution and iron silicides were mainly detected by X-ray
diffraction. The estimated value in the Fe3Si region is
nearly identical to the activation energy of 209 kJ/mol
for the interdiffusion of the Fe-Si system [37]. Com-
pared to the value in the Fe3Si region, the experimental
value in the Fe5Si3 region is significantly larger. How-
ever, a discussion of this subject cannot be undertaken
from the lack of information about the activation energy
in the Fe5Si3 region.
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Figure 13 Arrhenius plots for rate constant of parabolic rate law,kp.

5. Summary
Using mixed powder compacts, the products and mech-
anisms of reaction between Si3N4 and 25%Cr- 20%Ni
austenitic stainless steel (SUS310L) have been investi-
gated under a nitrogen or an argon atmosphere at tem-
peratures from 973 to 1573 K.

Under a nitrogen atmosphere, the reaction of
chromium in SUS304L with nitrogen gas yielded
Cr2N and CrN. During a long time heating, silicon was
dissolved inγ -phase (SUS310L) as a solid solution by
the solid-state reaction between Si3N4 and SUS310L.
Above 1373 K, iron silicide, Fe3Si was formed.
In addition, an Fe-Cr-Si-N quaternary compound
and Cr3Ni5Si2 were formed at 1373 and 1423 K
respectively, and then both compounds decomposed at
1573 K.

Under an argon atmosphere, Cr2N was produced
at temperatures between 1173 and 1373 K. A solid
solution ofγ -phase with silicon was formed at 1123 K,
and alternatively, Fe3Si and Cr3Ni5Si2 occurred at
1223 K. While Cr3Ni5Si2 decomposed at 1373 K,
Fe3Si was converted into FeSi through a transient
Fe5Si3 phase at higher temperatures and on prolonged
heating. Both chromium and nickel as the constituents
of SUS310L are considered to form a solid solution
with the iron silicides.

A very long incubation period was found in TG
curves at lower temperatures under an argon atmo-
sphere. The incubation period was shortened by a
bridging effect of chromium nitride under a nitrogen
atmosphere. The initial reaction rate under an argon at-
mosphere was described by a linear rate law, and the
activation energy was 279 kJ/mol below 1373 K and 123
kJ/mol above 1423 K. The rate at late stages of reaction
obeyed a parabolic rate law. The activation energies
were 184 kJ/mol in the Fe3Si region and 494 kJ/mol in
the Fe5Si3 region.
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