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Abstract

The nitridation enhancement of a TiSi> powder by nickel addition was examined. The
quantities of the added metal were comprised between 2.5 and 25mol.%, the balance being
TiSi>. The isothermal heat treatments were made at 1100°C for durations up to 40 hours under
normal pressure and continuous flow of pure nitrogen. Comparing to pure TiSi> powder, an
improvement of the conversion in TiN and SisN4 is obtained for compositions containing
10.0; 12.5 and 15.0 mol.% of nickel. According to the quaternary Ti-Si-Ni-N phase diagram,
nickel was found to form NisTisSiz compound. Thermogravimetric analysis of these three
compositions showed the existence of three successive stages during the conversion. First, an
initiate reaction occurred with a very weak weight gain. Then, the second stage exhibited an
acceleration of the weight gain. Those two stages are both controlled by nucleation and
growth, as represented by the kinetic equation [-In(1-a)]¥? = k.t. Finally, the reaction is
limited by three-dimension diffusion, as represented by the kinetic equation: [1-(1-0)*?]? =

k.t. From this behavior, an activation mechanism is proposed.

Keywords: A. ceramics; B. Gas-liquid reactions; C. Catalysis; C. Kinetics; E.
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1. Introduction

Materials based on silicon nitride are one of the more promising materials for use in high-
temperature applications thanks to their high heat resistance, refractoriness, hardness,
durability, thermal shock resistance, and chemical resistance. They have a high potential in
the practical utilization not only as a structural material but also as a functional material.
Understanding of the silicon nitridation process has evolved significantly over the past
decades, and the effects of many of the reaction variables on the reaction kinetics and product
morphology are well documented [1-18]. In addition to monolithic ceramics, some works
have also focused on using reaction-bonded silicon nitride as a composite matrix [19,20]. But,
this way requires long durations and temperatures that exceed 1400°C. This is problematic for
composite applications because the whiskers or fibers used as reinforcements could be
degraded at elevated temperatures. The formation of SisNs from pure silicon generates a low
volume expansion of 22%. So, full densification implies an initial powder compactness of
about 82%. This starting value is unrealistic and full densification is then not possible by this
way. An alternative possibility is to use an intermetallic compound as TiSi2. Indeed, the
reaction to form SisNs-TiN composite from TiSi is accompanied by a 60% volume expansion
which occurs in the void space of the compact, such that complete nitridation should fully
densified a 62.5% dense TiSi> body. Titanium nitride is an interesting compound which is
widely used to prepare metal ceramic, cutting tools, molds, coatings because of its high
strength, high hardness, thermal stability, high electrical conductivity, good wear and
corrosion resistance. The conventional synthesis of TiN involves direct nitridation, laser
cladding, self propagating high-temperature synthesis and mechanical milling [21,22]. The
combustion synthesis of TiN was investigated by several authors and was found relatively
easy to proceed [23-27]. M. Ade and J. Haupelt [28] reported that the maximum conversion
(90%) of a pure TiSi> powder with a mean grain size less than 2 um was obtained for a

temperature close to 1400°C, probably because of the formation of liquid silicon



(Tmetting(S1)=1414°C). The exothermicity of this reaction and the formation of liquid silicon
could be detrimental in the case of fibrous composites. In a previous work, we focused our
attention on the nitridation of pure TiSi> compacts at lower temperatures (1000-1200°C) to
produce the matrix of a fibers-reinforced composite [29]. Accordingly to previous papers [30-
33], it was found that the nitridation is sluggish in these conditions because of diffusional
limitations. Indeed, the titanium nitridation is easily but silicon reacts very slowly due to the
formation of a TiN layer at the surface of the grains. This TiN layer behaves as a diffusion
barrier towards nitrogen and silicon [30,31,34]. To circumvent this pitfall, it is required to set
up a strategy to enhance the nitridation of TiSiy, this is the objective of the present work. It
has been known that transition metals can regulate kinetics of silicon nitridation as well as the
phases formation [3,12,35-37]. Since sintering additives are always used in the fabrication of
materials from silicon nitride powder, the nitridation enhancement role of minor additions of
common metals in the starting Si powder is well established [12,35,36,38-41]. Especially, it
was shown that Fe, Ni or Al addition promotes the formation of nitrides [36-38]. These metals
should promote the crystallization and the disruption of the amorphous native silica layer
located at the surface of the grains. Another explanation suggested that metals form a liquid
phase by reacting with silicon to form a eutectic. On this way, we examine the effect of
adding a metal powder to a TiSi> powder to improve nitridation. Several metals were
considered to promote nitridation at a temperature as low as 1100°C. Based on the hypothesis
that the formation of a liquid phase should enhance atomic mobility and consequently
nitridation rate, the attention was focused on nickel because of the low-temperature eutectic
NiSi-NiSi2 (956°C). In the present work, the synthesis of SisNs-TiN-based composite has

been studied by the nitridation of TiSi» and Ni powders mixtures under nitrogen atmosphere.

2. Thermodynamic analysis of the Ti-Si-Ni-N system equilibrium
Prior to experimental investigation, a preliminary thermodynamic analysis of the equilibrium

in the Ti-Si-Ni-N system was performed with the help of the ThermoCalc software [42]. The
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relevant thermodynamic descriptions of the Ti-Si-N and Ti-Si-Ni systems reported by S.
Sambasivan et al. and T. Tokunaga et al., respectively, were used for these calculations
[43,44]. The so-calculated equilibrium diagrams at 1100°C are shown in Figure 1a and Figure
1b. The particularity of the Ti-Si-Ni system is the formation of a Si-rich ternary liquid phase
at this temperature. This liquid phase originates from the NiSi-NiSiz eutectic reaction at only
956°C, as shown in Figure 2 [45]. The phases stability diagrams for the (1-x) TiSi> + x Ni
mixtures were calculated as a function of nitrogen content at 1100°C for x = 0.025; 0.100;
0.150 and 0.250. The so-obtained diagrams are shown in Figure 3. In each case, the formation
of TiN and SisN4 nitrides is announced. Depending on the nitrogen quantity, nickel generates
first the ternary compound NisTisSi7, then the ternary liquid and finally binary nickel silicides
in equilibrium with gaseous nitrogen. This means that the formation of the liquid phase is
possible at the interface with the atmosphere, what is favorable to nitrides formation by
improving atomic diffusion. When looking at the variation of the nickel activity versus
nitrogen content shown in Figure 4-a, one note that the lower Ni-activity value corresponds to
the TiN+SisN4+NisTisSi7+TiSi2 and TiN+SisN4+NisTisSiz equilibriums. So, one could expect
that the equilibrium TiN+SisN4+NisTi4Si7 should be favored as a further nidridation implies
an increase of nickel activity whereas nitrogen activity increases during the conversion
(Figure 4-b). The expected reaction is (Reaction 1):

TiSiz + x Ni + (%—gx) Nz = (L—x) TiN + (%—%xj SisNg + G) NisTisSi7

The Gibbs free energy that varies with the progress of this reaction was also calculated. This
reaction is favorable as it implies a large negative Gibbs free energy and decreases with the

progress of the reaction as shown in Figure 5.

3. Materials and experimental procedures

The starting TiSi> powder (99.95%, dso = 44 pum, Neyco) used in these experiments was

analyzed by spectrographic analysis (S.C.A.-C.N.R.S., Villeurbanne, France) to determine the
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impurities content: 1.64% O, 0.43% C and 0.48% Fe in mass. The nickel powder was
supplied by Strem Chemicals (99.9%, dso = 5 um). The two raw powders were milled together
during 1 hour in ethanol with a vibratory mixer mill (Retsch MM200) (WC-milling-bowl and
-balls) to reduce the grain size to dsp = 3-4 pum. The mean grain size of the powders was
determined with the help of a Fritsch Analysette 22 Nanotec Plus granulometric analyser. The
compositions of the powder mixtures are listed in Table 1. A part of each milled preparation
was isostatically pressed to form a 10 mm diameter pellet. The green density was closed to
50% of theoretical. The pellets, weighing about 1g each, were put into an alumina boat and
were separated each other by alumina splitters (Figure 6). The nidridation reaction of these
samples was performed in a horizontal quartz-tube furnace at 1100°C up to 40 hours in the
presence of titanium powder as a getter. Mass variation measurements versus time were also
performed in a thermogravimetric analyzer (Setaram TAG24) from 20°C to the treatment
temperature at a heating rate of 10°C/min for various durations up to 20 hours. TGA
measurements were limited to this duration because of technical limitations due to the
volatility of silicon. Nitridation processes were realized at normal pressure under a continuous
nitrogen gas flow (50 mL/min). The powder masses used for thermogravimetric analysis were
comprised between 100 and 110 mg for each sample, the mass conversion degree (o) of
reaction at a time t was estimated according to Equation 1:
(W —Wo)
(wg—wp)

where wo, wi, ws are the initial, intermediate and final sample masses for complete conversion
of TiSi2 in TiN, SisNs and NisTisSiz phases. XRD experiments in Bragg-Brentano geometry
were performed with a Bruker D8 Advance diffractometer using a Cu Ka radiation fitted with
a one-dimensional position sensitive silicon strip detector (Bruker, Linxeye). XRD patterns
were recorded using a step size of 0.01° for 20 range 10-90° and a counting time of 0.3
second per step. Sections of nitrided grains were prepared using ion polishing system (Cross

Polisher JEOL Ltd.). These sections were observed with a FEI Quanta 400 FEG scanning
5



electron microscope whereas the chemical composition was analyzed by EDX (EDAX
Genesis XM4), operated at 5 kV (interaction volume of roughly 150 nm wide in this

condition).

4. Results and discussion

4.1 Effect of nickel addition on TiSiz nitridation

The results regarding the effects of nickel content in (1-x) TiSi>+ x Ni mixtures for 0.000 < x
< 0.250 by step of 0.025 or 0.050 on the overall conversion at 1100°C are reported in Table 1.
It is clearly indicated that the addition of nickel investigated results in higher contents of TiN
and SisN4 nitrides than obtained from pure TiSi> powders. However, the overall mass
conversion increases with nickel content up to x = 0.150. The conversion is decreased when
higher nickel fractions are added to the TiSi> powder because large quantity of this metal
hinders the gas diffusion and the nitridation of TiSi>. Moreover, the phases composing the
compacts after nitridation depend on the nickel content. It is found from Table 1 that for
nickel contents lower than 0.100, nitridation is uncompleted as remaining TiSi> and free
silicon are detected; the ternary compound NisTisSi7 being however formed. In these cases,
the nickel content is insufficient to rapidly and completely convert the powder. When the
nickel content is larger than 0.150, TiSi2 and free silicon are no more detected but undesired
nickel silicides are obtained. In this situation, it is confirmed that the nickel quantity is too
high. Consequently, the appropriate quantity of nickel x is comprised between 0.100 and
0.150. X-ray diffraction experiments of the samples with x = 0.100 (Figure 7), x = 0.125 or x
= 0.150 showed that the final phase composition is TiN, a-SisNa4, B-SisNs and NisTisSi7. The
morphologies of the resulting nitrided compacts are similar for theses three compositions. On
the micrographies of the mixture with x = 0.125 (Figure 8), one can note the homogeneity of
the phases dispersion, the absence of cracks and the smallness of the produced grains. The

starting porosity was close to 50% whereas the final porosity is of about 25%, the volumes of
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the compacts being unchanged. The results of the nitridation experiments agree partially with
the calculated thermodynamic equilibriums exposed herein for x = 0.025; 0.100; 0.150 and
0.250 (Figures 3,4,5). Indeed, in all cases, the thermodynamic calculations for an excess of
nitrogen predict the formation of TiN, SisN4 and NisSi>. The experimentally formed phases do
not strictly correspond to this calculated state. From Table 1, one note that the nitrides are
effectively generated as expected but NisSiz is in no case formed. This partial unreliability of
the calculations is attributable to the fact that the conversion reaction occurs only at the
interface between TiSi2 and the gaseous nitrogen. Nickel particles are located at the surface of
the TiSi2 grains and despite the milling stage; these metal particles are unlikely dispersed in a
perfectly homogeneous way. The consequence is a partial improvement of the conversion for
weak nickel contents (x < 0.075) with remaining TiSi, and free silicon. In contrast, these two
last phases are no more detected for high nickel contents (x > 0.175) but NiSi and NiSi are
generated. In this case, the nickel particles may be locally concentrated and promote the
formation of large amounts of liquid which solidified in forming these nickel silicides and
maybe of others undetected phases. The hypothesis is confirmed by the decrease of the
conversion rate when increasing nickel content because of the filling of the porosities by the
liquid inducing a limitation of gaseous diffusion preventing the conversion. For 0.100 < x <
0.150, the final phases are TiN, SisNs and NisTisSi7. This promising equilibrium state was
expected from thermodynamic considerations and it is experimentally generated with
conversion percentages of at least 90%. NisTisSi- stabilization is improved because of the
probable gradual reduction of the interactions between this ternary phase and nitrogen due to
the protective effect induced by the surrounding nitrides crust. The kinetics and the
conversion mechanism were subsequently examined for the three retained compositions (1-x)

TiSi>+ x Ni corresponding to x = 0.100; 0.125 and 0.150.



4.2 Thermogravimetric analysis and reaction mechanism

The thermogravimetric curves of two samples of pure TiSi> powders (dso = 1.4 and 4.5 pm)
and three samples of (1-x) TiSi>+ x Ni mixtures (x = 0.100; 0.125 and 0.150) reacting with N>
were measured at 1100°C until durations close to 20 hours. According to Equation 1 and
Reaction 1, the relationship between the conversion degree and the time is shown in Figure 9.
In all cases, the conversion percentages tended to increase with rising reaction duration. The
achieved degrees of conversion after 17 hours were found equal to 88.7%, 92.8% and 92.9%
for the (1-x) TiSi>+ x Ni mixtures with x = 0.100; 0.125 and 0.150, respectively. The
corresponding percentages for pure TiSi> powders are significantly lower as equal to 43.3%
and 51.9% for dso = 4.5 um and 1.4 pm, respectively. The kinetic models of the solid-state
reactions are basically divided into three main categories: 1) models in which the reaction rate
is determined by nucleation and growth; 2) the models in which the controlling step is the
diffusion of reactants or diffusional models; 3) models in which the administered mechanism
is the chemical reaction at the interphase of the reactant-product [46]. The most appropriate
kinetic models are listed in Table 2. Fitting the experimental data to the corresponding kinetic
model functions g(a) = k.t involves nucleation-growth, chemical reaction and diffusion. So,
the best fitting k coefficient represents the specific reaction mechanism. In this study, the
three (1-x) TiSi2+ x Ni mixtures (x = 0.100; 0.125 and 0.150) were found to have the same
three successive stages during nitridation. For the first stage, the best fitting function was
identified as the A2 nucleation-growth model with a weak weight gain. For the second stage,
the best fitting function was also the A2 nucleation-growth model with a strong increase of the
weight gain for a short duration. The third stage was found to be described by the D3 three-
dimensional diffusion model for a spherical symmetry. Data fitting of the selected model
functions for the three stages is shown in Figure 10. This method provides a reaction
mechanism for the whole process of TiN, SisN4 and NisTisSiz synthesis. The nitridation
reaction of a TiSi> powder activated by addition of nickel can be summarized by three
successive stages associated to three specific kinetics coefficients ki, k2 and ks as follows:

1) TiSi2 and nickel powders react and form NisTisSiz. This ternary phase begins to react

with nitrogen and generates TiN, SisNs and a low quantity of a ternary liquid with a
weak weight gain (step (1) in Figure 9 and Figure 11-a);
2) the increase of the liquid quantity promotes the rapid nucleation and growth of TiN and

Si3N4 grains up to forming a nitrided layer (step (2) in Figure 9 and Figure 11-a);



3) the gas transfer through the product layer implies a diffusion limitation until full
nitridation (step (3) in Figure 9 and Figure 11-a).

This mechanism is evidenced by the micrograph of the Figure 11-b since it shows a large
grain exhibiting the phases sequence TiN+SizN4/(Si,Ni, Ti)Liquid/NisTisSi7/TiSi>. In a
previous study, we reported the assumption that the nitridation of pure TiSi> powders with
close mean grain size can be described by two successive steps. During the first step, only
TiN is formed and generates a layer that behaves as a diffusion barrier limiting silicon
nitridation. The second step occurs after significantly longer exposures and involves a
sluggish nitridation of silicon at the center of the TiSi> grain thanks to the formation of
opened porosities generated by the Kirkendall effect [29]. This mechanism slows down the
progress of the reaction so that the nitridation kinetics are very low and the conversion is
inadequate. In the present case, the addition of metallic nickel to TiSi> powder modified the
nitridation mechanism to such an extent that full nitridation is substantially reached. The
efficiency of nickel addition on the conversion is clearly demonstrated. The kinetic
deceleration for conversion percentages larger than 80% visible in Figure 9 is presumably
induced by an enlargement of the necks between the grains and by the reduction of the
porosity which limit all the more the gaseous diffusion. When comparing the slops of the
curves corresponding to the k kinetic coefficients, the highest values are found with x = 0.125
for the three stages (k1%'?° = 0.18 h, k,%12° = 0.53 h?, ks®12° = 0.022 h'1) (Figure 10). The k
coefficients for x = 0.150 have intermediate values with k;%1% = 0.15 h, k%10 = 0.41 h?,
ks%1%0 = 0.024 ht. The k values of the two first stages for x = 0.100 are close to an half of the
values for x = 0.125 and 0.150 i.e. k;%1%° = 0.087 h, k%1% = 0.27 hl. The ks>1% coefficient
of the third stage for x = 0.100 is equal to 0.020 h™, this value is close but slightly lowest than
the corresponding coefficients for x = 0.125 and 0.150 i.e. ks%'? = 0.022 h! and k' =
0.024 h'L. Finally, the global highest kinetic is attributed for x = 0.125. An intermediate but
close global kinetic is obtained with x = 0.150 and the slowest global kinetic is associated to x

= 0.100. The slowest kinetics measured for this composition can be justified by a lower
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content of nickel which consequently generates a lower quantity of liquid. The quantity of
liquid blatantly influences the conversion kinetic. On the other hand, the kinetic progression
of the conversion for x = 0.150 is close but slightly slower than the one with x = 0.125 despite
a more elevated nickel content. This behavior is probably induced by the formation of a larger
content of the NisTisSiz compound. However, the conversion percentages move towards
comparable values of about 90%. When considering the theoretical volume increase during
the nitridation (Table 1), the most interesting composition corresponds to x = 0.100 as the
corresponding volume gain is the most elevated. Despite a slower conversion Kinetic, this
composition is the most interesting to obtain the highest densification effect. TiSi>-metal
samples containing 10 mol.% of iron or cobalt instead of nickel were also prepared and heat
treated at 1100°C by applying a similar protocol. It was then found the formation of FesTisSiz
or Co4TisSi7, TiN and free silicon as shown in Figure 12. The weight gains are lower than
pure TiSi2. The weak conversion rates obtained in these cases are justified by the absence of
liquid phases in these systems at 1100°C. So, the nitridation conversion is not enhanced and
the ternary phase layers formed at the surface of the grains limit the nitrides formation. This

demonstrates the essential role played by the formation of a liquid phase.

5. Conclusion

TiSi> powders blended with nickel were nitrided in a stream of pure nitrogen at 1100°C to
investigate the catalytic effect of metal addition on the direct nitridation. As expected from
thermodynamic considerations, the nitridation of TiSi> in the presence of metallic nickel
generated the TiN, SizsN4 and NisTi4Si7 phases for the (1-x) TiSi>+ x Ni mixtures with 0.100 <
X <0.150. The conversion percentage is greatly enhanced within this composition range as the
final values are around 90%. It is suggested that the presence of liquid phase formed during
the reaction is at the origin of the kinetic increase of the conversion. The whole reaction

process includes three main stages. During the first stage, the weight gain is negligible as the
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controlling mechanism is the reaction between TiSi> and nickel grains to form the NisTisSiz
compound. A very weak weight gain is however measured corresponding to a nucleation and
growth limiting process resulting from the induction of the nitrides growth instigating the
formation of the liquid phase. During the second stage, the nucleation and growth process of
the nitrides phases is the limiting process controlling mechanism with an impressive increase
of the kinetic. A deceleration of the kinetic coefficients is measured during the third stage
because the conversion is limited by the three-dimensional gas transfer process due to the

nitride layer thickening.
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Figure 1: Equilibrium diagrams simulated at 1100°C with ThermoCalc software [42]:
a) N-Ti-Si [43] and b) Ni-Ti-Si [44].
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Figure 2: Ni-Si phases diagram simulated with ThermoCalc software [42,45].
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Figure 3: Thermodynamic stability of (1-x) TiSi, + x Ni (x = 0.025; 0.100; 0.150 and 0.250) versus
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nitrogen content system at 1100°C simulated with ThermoCalc software [42-44]
(N4T4S7 = NisTisSiz, Ni2SiD = Ni,Si-6, Ni2SiT = Ni,Si-0)
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Figure 4: Nitridation of the 0.900 TiSi,+ 0.100 Ni mixture at 1100°C:
a) variation of nitrogen activity et b) variation of nickel activity
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Figure 9: Mass conversion rate versus time at 1100°C of pure TiSi, powder [29] in comparison to
(1-x) TiSiz+ x Ni mixtures with x = 0.100; 0.125 and 0.150.
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Figure 10: g(a) = k.t plots and linear regressions of the compositions (1-x) TiSi>+ x Ni with x= 0.100;
0.125 and 0.150 at 1100°C : a) stage @: Az model, b) stage @: A model, and c) stage ®: D3 model
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Figure 11: Nitridation of a TiSi grain in presence of Ni:
a) proposed conversion mechanism with four successive steps and
b) backscattered electrons image of a large grain in the sample 0.900 TiSi>+ 0.100 Ni treated at 1100°C
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Figure 12: Backscattered electrons images of a TiSi, powder heat treated at 1100°C in nitrogen with
addition of: a) Fe and b) Co
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Table 1: Nickel contents, theoretical volume gains, mass conversion and phases composition of the (1-
X) TiSiz+ x Ni (0.000 < x < 0.250) compact samples heat treated at 1100°C for 40 hours

Theoretical

Phases detection from XRD and EDS analysis

Nickel content . Mass L .
volume gain o con (detected: + ; undetected: -) _
(X) o NISI/
(%) o (%) TiN SisNa i TiSiz NiaTisSiz
NiSi2
0.000 [29] 58.7 48.8 + + + +
0.025 56.8 77.5 + + + + - +
0.050 54.9 77.5 + + + + - +
0.075 82.9 87.0 + + - + - +
0.100 50.8 90.2 + + = = o +
0.125 48.6 96.0 + + - - S +
0.150 46.4 96.3 + + - - S +
0.175 44.0 88.8 + + - - + -
0.200 41.5 68.9 + + - - + -
0.250 36.2 53.1 + + - - + -
Table 2: Common kinetic models [46]
Kinetic models o(a) Code
i )12 =
Nucleation-growth ~ Random nucleation and subsequent growth [-In( - a)] ket A2
. )13 =
Random nucleation and subsequent growth [-In( - 0] kt A3
_ - 14 —
Random nucleation and subsequent growth [-In(1-o)] kt A4
(1 -2 =
Chemical reaction Phase boundary reaction, cylindrical symmetry 1-1-a) kit R2
(1 - )13 =
Phase boundary reaction, spherical symmetry 1-(1-a) kt R3
Diffusion model One-dimensional diffusion o? =kt D1
Two-dimensional diffusion, cylindrical symmetry [(1-a).n(l-a)]+a=kt D2
Three-dimensional diffusion, spherical symmetry [1-(1-a)PP=kt D3
Three-dimensional diffusion, cylindrical symmetry 1-(2/3). o - (1 - )2 = k.t D4
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