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INFLUENCE OF Cr, Fe, Ni AND Ti ADDITIVES ON THE NITRIDATION KINETICS
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The influence of small amounts (0.2-1.0 wt%) of Cr, Ni, Fe, and Ti on the nitridation of pure Si was studied.
An accelerating effect of metals on nitriding kinetics became evident above the eutectic temperature of the
systems metal — silicon. The time of nitridation of silicon in the presence of a metallic aid was shortened.
The initial significant increase of the conversion rate of Si to Sia Ny was in the samples with the lowest metal
content (0.2 wt%), although the total conversion was greater for the samples with higher metal addition.
A slight influence of the type of metal on the phase composition was observed.

INTRODUCTION

Reaction-bonded silicon nitride (RBSN) remains
a promising high-temperature engineering material
with many established applications, e. g. components
of gas turbine engines as rotors and stators, com-
bustion chambers, metallurgical equipment, etc. The
advantage of RBSN in comparison with other SigN4
based materials is that the product has the shape
and dimensions of the compacted silicon powder from
which it was formed. The products retain their good
mechanical properties (high-temperature creep resis-
tance, strength) up to high temperatures (1400°C)
due to the absence of glassy phase on grain bound-
aries at the end of nitridation. In the liquid phase
sintered SizgN4 the grain boundary glassy phase is re-
sponsible for the degradation of mechanical proper-
ties. The next not negligible advantage of this pro-
cess is the relative low price of silicon powder. On
the other hand the factor significantly influencing the
price of the final product is a long time of nitridation,
from 20 to 100 hours, depending on the dimensions of
the nitrided body. Suitable choice of the reaction con-
ditions can result in shortened nitridation. Influence
of temperature, pressure, impurities in the gas (He,
Ar, H3), gas flow rate, and SigNy seeding have been
well described [1-6]. Metallic impurities in the sili-
con powder, particularly iron, also affect the reaction
rate. Boyer et al. [7] have shown that Fe enhances
the nitridation reaction. Fe promotes devitrification
of silica layer present on the surface of silicon parti-
cles, which is subsequently disrupted and the reaction
of underlying Si with nitrogen can proceed. Another
view explaining the role of Fe was proposed by Jack

(8}, who suggested that Fe forms a liquid phase by
reaction with Si to form an eutectic or with SiOy
to form a silicate melt at high temperatures. All of
above-mentioned variables, individually and in com-
bination, have a remarkable effect on the microstruc-
ture and the time of nitridation of the product. How-
ever, despite the large effort dedicated to understand-
ing the nitridation mechanisms, some questions have
remained.

The purpose of this work is better understanding
of the role of impurities on the reaction kinetics. The
promoting role of Fe [7—9] and other additives as Mn,
Co, Pd, Pt, Ni have been also reported [10], however,
more knowledge about the effect of metallic elements
on nitridation is needed. From this reason the in-
fluence of intentionally introduced metallic additives
such as Fe, Cr, Ni, and Ti on the reaction kinetics is
studied in this work.

EXPERIMENTAL

The starting silicon powder (Ventron m 2N5) was
prepared by wet milling in acetone in a planetary
steel ball mill. Impurities (Fe, Ni) introduced dur-
ing the milling were removed by washing of the batch
in HCI. Spectrographic analysis showed the following
levels of impurities (wt%): 0.03 Fe, 0.01 Ni, 0.01 Mg,
and 0.01 Ca. The Si powder grain size after milling
varied from 0.1 to 10 pum with a BET surface area
of 8 m2g~!. The contents of added metals (Me=Fe,
Ni, Cr) were 0.2, 0.5, and 1.0 wt%, respectively. They
had been added in a form of nitrates and after the ho-
mogenization were coagulated with urea. Hydrolysis
of urea according to reaction

CO(NHz)z + 3H,0 = 2NH40OH 4 CO4 (1)
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Fig. 1. Time dependence of conversion of Si to Siz Ny with Fe addition (+ 0.2 wt%Fe, A 0.5 wt%Fe, ®,0 1.0 wt%Fe).

and subsequent formation of metal hydroxides by re-
action

Me(NOg), + eNH,0H = Me(OH), + 2NH4NO3 (2)

have been caried out in temperature range of 90—
100°C. Hydroxides in the filter cake were decomposed
at 450°C for 1h. Cylindrical compacts (6 mm dia-
meter, 4 mm height) were pressed from the powders
under a uniaxial pressure of 100 MPa. The green den-
sities of pellets were approximately 55% of the theo-
retical one. These pellets were nitrided in a graphite
resistance furnace and therefore, powder bed of com-
position 10% Si + 90% Si3N4 was used as a protection
against the formation of SiC in the product. The ni-
tridation was performed in a static gaseous mixture
of 90 vol% Nj and 10 vol% H, at a pressure of 0.15
MPa. Hydrogen was supplied by hydrogen generator
HG 1410 Tesla. The strong reduction conditions (C,
CO, Hy) insured a direct reduction of metal oxides to
metals. Microanalysis of the products of nitridation
showed that this method provides a good distribution
of metals. A main disadvantage of used method was
that the oxygen content increased from 1.6% to 2.3%.
Three heat treatments were used:

I: 1200°C, 1250°C, 1300°C, 1350°C, and 1390°C for
1h each;

II: the same as I followe by 1450°C and 1500°C for
1h each;

I1I: 1350°C for 2h, 1450°C for 3h, and 1520°C for 1h.
The samples were pre-treated for 20 min in vacuum
at 700°C prior to admission of the nitriding gas. The
heating-cooling rate of 100°C min~! was used for all
experiments. Microstructural analysis was performed
by optical (Carl Zeiss Jena) and scanning electron

microscopy (Jeol JSM 35). The measurement of the
extent of reaction was based on the assumption that
measured weight gain corresponds to the theoretical
conversion of Si to SigNy4. The nitridation was inter-
rupted for the weight gain determination, the sample
was removed from the cooled furnace and weighed on
Sartorius balance (precision 0.0001 g). Phase compo-
sition was determined by X-ray diffraction analysis
using the quantitative method described by Kall [11].
The 3/(a+0) ratio was calculated from the intensity
of diffraction lines (102), (210) for a—and (101), (210)
lines for 3-SigNy.

RESULTS AND DISCUSSION

The weight gain of the sample without metallic ad-
ditives was only 2 wt% after the nitridation at 1250°C
for 60 min. Because of this low degree of conversion
materials without metallic additives were not consid-
ered in the next study. The weight gain of samples
with metallic additives was measured after 15, 30, and
60 minutes of nitridation at all temperatures. From
these data an ’effective’ conversion was calculated.
"Effective’ conversion means that for its calculation
the evaporation of Si and formation of SiC during ni-
tridation was omitted (its formation is accompanied
by lower weight gain in comparison with SizgN4). The
results are given in Figs. 1-3. The influence of in-
terruption of nitridation on the degree of conversion
of Si to SigN4 was investigated for the samples with
1 wt% metal content. The heat treatment Il was also
interrupted after each 2 hours in the second case, but
the conversions were nearly the same (£ 3%; opened
circles in Figs. 1-3), so the effect of interruption of
nitridation is negligible.
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Fig. 2. Time dependence of conversion of Si to Siz Ny with Cr addition (+ 0.2 wt%Cr, A 0.5 wt% Cr, ®,0 1.0 wt%Cr).
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Fig. 3. Time dependence of conversion of Si to Sis Ny with Ni addition (+ 0.2 wt% Ni, A 0.5 wt%Ni, ®,0 1.0 wt%Ni).

The Si samples with Fe and Cr additions (Figs. 1
and 2) have nearly linear increase of conversion up to
their eutectic temperature, which is 1208°C for Fe — Si
[12] and 1305 % 10°C for Cr - Si [13]. As is pointed out
in[14], in the beginning stage of nitridation a gaseous
nitrogen is chemisorbed onto the silicon surface and
silicon is transported to the reaction site by surface
diffusion and by evaporation - condensation with re-
sultant formation of nitride nuclei. The kinetics rate
for this stage is linear. The subsequent lateral and
vertical growth of nuclei is a function of arrival of Ny
to the growth sites. Often the reaction rate decreases.

The initial part of conversion curves for the samples
containing Fe and Cr is possible to describe by these
mechanisms. The conversion decreases with decreas-
ing metal content. It can be proposed that with de-
crease of the conversion degree of Si to SigN4 also the
thickness of nitride layer decreases. Metals also affect
the reaction because of their effect on the nitrogen at-
mosphere. Hot iron catalyzes the formation of active
(possibly atomic) nitrogen, which is more reactive
than molecular nitrogen [2]. Chromium, as a tran-
sition element, exposes a similar effect. The presence
of hydrogen in the nitriding atmosphere also cannot
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be neglected, because of its promoting role, especially
in the initial stage of reaction. The added hydrogen
affects the thermal diffusion of the gas and supports
the removal of the protective silica layer covering the
silicon grains [3]. The hydrogen content was the same
for all experiments. Thus, its accelerating effect on
the reaction extent was the same and this allow to
compare an influence of different metals on nitrida-
tion of silicon. Finaly, the conclusion can be drawn,
that unequal conversion depends on the amount and
the kind of metal impurity.

The first significant increase of conversion unex-
pectedly appears in the samples with the lowest metal
content (0.2%) after 15 minutes of nitridation at
1250°C for Fe and at 1300°C for Cr (Figs. 1 and 2). In
the last mentioned samples the formed nitride layer
is probably discountinuous up to the eutectic temper-
ature of Me — Si system. Over this temperature the
gradually formed liquid phase is directly accesible for
N. As is described by Lange [15], Fe at eutectic tem-
perature form a silicon-rich liquid in equilibrium with
the ambient Si. Active oxidation of this liquid results
in production of gaseous SiO probably by the reaction

()

SiO(g) reacts with Ny to form a-SizN4. As further
Si0 is volatilised, equilibrium is maintained by des-
solving the surrounding silicon. On the other hand,
also formation of the 3-SigN4 phase within a liquid
FeSi,; was observed as a consequence of diffusion of No
into this melt and its reaction with Si [7]. The earliest
increase of conversion for the samples with the lowest
metal addition can be explained in this manner. After
separation of reactants (5i and Ns) by formed SizNy
layer the reaction is possible only by diffusion of Ng
through this layer. The reaction rate is lowered.

Significant increase of conversion begins later for
the samples with higher metal content. For the sam-
ples with Fe addition after 60 minutes of nitridation
at 1250°C (Fig. 1) and for the Cr-containing samples
after 15 minutes of nitridation at 1350°C (Fig. 2).
It is supposed that increase of conversion is caused
by destroing of the reaction barrier which is proba-
bly in the form of an unpenetrable SigNy4 layer, which
is formed in the first part of nitridation. The disrup-
tion of this nitride layer is caused either by increasing
of parcial pressure fo Si (psi) or by different thermal
expansion coefficient of Si and SizN4. More effective
nitridation in the presence of liquid phase takes place.
The reaction rate is also diffusion controlled in this
case, but the diffusion coefficient of nitrogen in liquid
silicon is much higher than in solid SigN4 [16, 17].
This is indicated by rapid increase of conversion. The
total conversion is higher for the samples with higher
metal content (up to 1 wt% Me) because of higher
amount of liquid phase formed.

Si(Fe — Si, 1) + Si0; (s) = 2S5i0(g).

Elucidation of reaction mechanism for the nickel-
containing samples seems to be more complicated.
The phase diagram of Si — Ni system [18] shows the
formation of solid solution up to 2 wt% Ni at 993°C.
The lowes eutectic temperature of this binary system
is 964°C. In the equilibrium state in the samples with
low additions of Ni (0.2-1.0 wt%) no liquid phase is
present at temperatures of 1200°C and 1250°C be-
cause of formation of solid solution at these temper-
atures and compositions. According to the observed
kinetics, which is comparable with previous ones, for-
mation of SigN4 by diffusion of Ny through solid phase
(nitride or silicide) is less probable. However, it can
be assumed, that the solubility of Ni in Si is locally
exceeded or non-equilibrium state prevails, so then
the formation and transiet existence of liquid phase is
possible. The sample with 0.2 wt% Ni differs from the
other samples in its specific form of conversion curve
(Fig. 3). The formation rate of nitride at each temper-
ature is higher in the initial stage and later is contin-
uously lowering. This step-like increase of conversion
is observed also in the other samples, but it is not
so conspicuous. One of the possible reasons for such
shape of conversion curve is as follows: during the first
two nitriding cycles (1200°C and 1250°C) a relatively
unpenetrable nitride layer formed, because the tem-
perature of the first dwell was 236°C over the eutectic
temperature of Si — Ni. Nickel can influence the ni-
triding atmosphere in the similar way as in previous
case and/or the formed Niy Si, affords easier diffu-
stonal way for Ny or Si to the reaction site. Both ef-
fects positively influence the density and thickness of
SizN4 layer, respectively. The small amount of liquid
phase and the partial pressure py; at lower tempera-
tures (< 1300°C) are not able to disrupt a formed
nitride layer. At 1300°C and higher temperatures,
when the step-like increase of conversion arises, the
reaction seems to be diffusion controlled. However,
Fig. 4 shows that the kinetics of SigN4 formation does
not obey strictly parabolic rate law at the given tem-
peratures. Except diffusion, also other process should
contribute to the formation of SizN4. It can be sup-
posed, that microcracks are forming in a nitride layer
[19] at higher temperature, when the ps is enough
high, and due to the different thermal expansion of
Si and SizNy4. Silicon with higher thermal expansion
coefficient than SizNy4 iniciates internal stress on the
interface during relatively high heating rate (100°C
min~!) which can disrupt the compact nitride layer
and creates free area for the motion of reactants (N,
Si) together and/or for the formation of liquid phase
between Ni and Si. At the end of the nitriding cycle
the most pores or cracks are filled with SizN4 and
diffusion becomes the controlling step. Therefore, the
reaction slows down. By increasing of temperature
the mentioned mechanisms are repeated with a resul-
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Fig. 4. Dependence of conversion of Si to SisNy on £/ (A ~ 1200°C, B - 1250°C, C - 1300°C, D - 1350°C,

E - 1390°C, + 0.2 wt%Fe, ® 0.2 wt.%Ni).

tant step-like increasing of conversion. Final stage of
the nitridation for all samples is diffusion controlled.
Relatively short total nitriding time caused, that on
the polished surface of the sample nitrided by heat
treatment I, unreacted silicon was identified in the
centre of large grains and agglomerates (Fig. 5). The
fracture surface of the product (1 wt% Ni) is shown
in Fig. 6.

The influence of liquid phase on the nitridation was
proved by addition of titanium to silicon. Titanium
was added in a form of TiH; which is decomposing at
400°C. After nitridation of Si +1 wt% Ti at 1300°C
for 1 hour 3% conversion was obtained, and after the
same nitriding time at 1350°C (20°C over the eutectic
temperature of binary system Si - Ti [18]) the conver-
sion was 40%. The influence of liquid phase is evident.
X-ray analysis of the product shows 48% $-SizN4 con-
tent.

Obtained phase composition of the products are
given in Table I. After the same heat treatment the
B/(a+p) ratio increased with increasing metal con-
tent. The reason is in the higher liquid phase for-
mation which promotes 3-SigNy growth. The part of
the total amount of S-phase is a result of the reac-
tion between solid silicon and nitrogen at higher tem-
peratures. Higher B-phase yield was obtained after
heat treating III (course of conversion see in Fig. 7)
in comparison with II one, because the temperature
was raised to 1350°C directly. At this higher tem-
perature the formation of 3-SizNy is preferred. The
a-phase content in the products is higher after heat
treatment I and II, respectively. It is due to the used
nitriding conditions (lower nitriding temperature, Ho

content in the nitriding gas) supporting the formation
of «-SisNy4. This confirms, that the type of nuclei has
a decisive role on the phase composition of the pro-
duct. In the presence of liquid phase, when the highest
increase of ’effective’ conversion is obtained, o- and
B-crystals grow competitively, although 8-SizN4 often
occurs in combination with liquid, and a-SizN4 often
originates from vapour phase reaction by the nitrida-
tion of Si(g) which vaporizes from liquid. Depending
on the metal type the highest a-SizN4 content is ob-
tained for the samples with Ni addition and higher,
nearly the same (3-SizNy4 content for the samples with
Fe and Cr additions.

CONCLUSIONS

The experiments confirmed a positive influence of
metal additions (Fe, Ni, Cr, Ti) on the reaction kine-
tics of RBSN which becomes evident over the eutectic
temperature of added metal and silicon.

The final conversion of Si to SizgNy4 is nearly the
same for 0.5 and 1.0 wt% metal addition, therefore,
lower amount of metal (0.5 wt%) is sufficient for re-
markable influence of reaction kinetics.

The phase composition is slightly influenced by
metal additon. The nucleation and crystallization of
a-SigNy is positively influenced by the presence of Ni
and -SizN4 content increases by addition of Fe, Cr,
and Ti.

The nitriding schedule has a higher effect on phase
composition than the type of metal addition. RBSN
with a-SizN4 content can be prepared by slow nitri-
dation of silicon compact with Ni addition in a tem-
perature range 1100-1300°C, while high -phase con-
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Table T
Phase Composition of the Products
Metal content | a —~ SizNy | 8 - SiaN, Si Heat
[wt. %] [wt.%) (wt.%)] [wt.%] | treatment
1.0 Cr 61.2 13.3 25.5
1.0 Fe 64.5 14.8 20.7
1.0 N1 66.9 12.0 21.1
0.5 Cr 61.1 10.1 28.8
0.5 Fe 65.7 11.2 23.1 I
0.5 Ni 69.3 8.2 22.5
0.2 Cr 60.0 9.1 30.9
0.2 Fe 58.1 10.7 31.2
0.2 Ni 63.4 7.1 29.5
1.0 Cr 67.6 15.6 16.8
1.0 Fe 76.9 17.1 6.0 11
1.0 Ni 76.1 15.2 8.7
0.2 Cr 67.8 19.9 12.3
0.5 Cr 71.0 21.2 7.8 111
1.0 Cr 70.3 21.9 7.8
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Fig. 7: Time dependence of conversion of Si to Sia Ny with Cr addition (+ 0.2 wt%Cr, A 0.5 wt%Cr, ®,0 1.0 wt%Cr).
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VPLYV Cr, Ni, Fe A Ti NA KINETIKU NITRIDACIE
KREMIKA

ZOLTAN LENCES
Ustav anorganickej chémie SAV, Dibravskd cesta 9,

842 36 Bratislava

Sledoval sa vplyv roéznych prechodnych kovov na kineti-
ku nitriddcie kremika. Kovy (Cr, Ni, Fe a Ti) sa priddvali

vo forme dusi¢nanov, z ktorych sa vyzrdzali pomocou mo-
coviny, ¢im sa dosiahla dobra disperzia kovovych prisad.
Vplyv kovov na kinetiku nitridicie sa prejavil nad eutek-
tickou teplotou systému kremik — kov, nakol’ko difiizia du-
sika cez tvoriacu sa kvapalni fdzu je o niekol’ko poriadkov
vyssia ako cez tuhy Si alebo SizN4. Celkova konverzia Si
na SizNy4 bola vyssia u vzoriek s vyssim obsahom kovovej
prisady, 1 ked’v pripade Fe a Cr mali vzorky s nizsim obsa-
hom prisady zpoéiatku rychlejsi vzostup konverzie (obr.
1, 2). Konverzia vzorky s 0.2 hm.% Ni mala $pecificky,
stupfiovity priebeh (obr. 3). Reakciou medzi Si s prisadou
Ni a N, postupne vznikala suvisla vrstva SigNy, reaktan-
ty sa od seba oddelili a reakcia sa zpomalila. Riadiacim
mechanizmom reakcie v tejto etape nitriddcie bola difu-
zia. Zvysenim teploty sa v désledku rézneho koeficientu
teplotnej rozfaznosti Si a SizN4 a rasticeho parcidlneho
tlaku Si celistvost zreagovane) vrstvy narusila, ¢im sa opat
umoznil priamy priebeh reakcie medzi Si a No. Ako na-
znacuje zavislost na obr. 4, tieto mechanizmy mali vplyv
na celkovy stupen konverzie najma v pociatoénom stadiu
nitridacie pri danej teplote.

Vhodnou volbou kovovej prisady mozno do urcitej mie-
ry modifikovat aj fizové zlozenie produktu.

Obr. 1. Priebeh konverzie St na Si3 N; s prisadou Fe v zd-
vislosti od doby nitriddcie. (+ 0.2 hm.%Fe, A 0.5
hm.%Fe, ®,0 1.0 hm.% Fe)

Obr. 2. Priebeh konverzie Si na SisNs s prisadou Cr
v zdvislosti od doby nitriddcie. (+ 0.2hm.%Cr, A 0.5
hm.%Cr, ®,0 1.0 hm.%Cr)

Obr. 8. Priebeh konverzie Si na Siz Ny s prisadou Ni v zd-
vislosti od doby nitriddcie. (+ 0.2 hm.%Ni, A 0.5
hm.% Ni, ®,0 1.0 hm.%Ni)

Obr. 4. Zdvislost konverzie Si na SizNy od odmocniny
z éasu. (A - 1200°C, B - 1250°C, C - 1300°C, D -
1350°C, E - 1390°C, ® 0.2 hm.%Ni, + 0.2 hm.%Fe)

Obr. 5. Mikrofotografia vylestenej plochy vzorky RBSN ob-
sahujicej nezreagovany Si v strede aglomerdtu.

Obr. 6. Mikrofotografia (SEM) lomovej plochy RBSN
s prisadou 1 hm.% Ni.

Obr. 7. Priebeh konverzie Si na Sis Ny s prisadou Cr v zd-
vislosti od doby nitriddcie. (+ 0.2 hm.%Cr, A 0.5
hm.% Cr, @,0 1.0 hm.%Cr)
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Fig. 5. Optical microgscopy micrograph of polished section of
RBSN containing uncreacted Si inside of an agglomerate.

s

Fig. 6: SEM micrograph of fracture surface of RBSN with 1 wt%
of Ni.




