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cells (e.g., in aluminum smelting);1,2 and conducting films on
dielectric and semiconductor devices.9,10 The primary difficulty in
realizing these diverse applications is that, in common with all
ternary or higher-order phases, it has proved difficult to synthesize
Ti3SiC2 without unwanted “impurity” phases. The properties of
these impurity phases (e.g., TiCx and TixSiy type) are very different
from those of Ti3SiC2; hence the properties of the final ceramic are
strongly influenced by their presence.
Samples of Ti3SiC2 have been produced using many alternative
methods. The first recorded synthesis of Ti3SiC2 was by reaction
between TiH2, Si, and graphite at 2000°C.6 In that pioneering study,
the Ti3SiC2 was present only as a minor impurity phase and was
accompanied by considerable quantities of TiCx and Ti5Si3Cx. Improvements in phase purity were achieved using chemical vapor
deposition (CVD) with SiCl4, TiCl4, CCl4, and H2 as source gases.11
Although 100% Ti3SiC2 was produced, the sample size was limited
(40 mm ⫻ 12 mm ⫻ 0.4 mm) and the production rate was slow (200
m/h)11 compared with bulk techniques. Sample size has been
increased using two alternative methods; reactive hot-pressing1 and
self-propagating high-temperature synthesis (SHS).12–16 Barsoum et
al.1,2,17,18 have used reactive sintering and hot isostatic pressing (40
MPa for 4 h, at 1450°C) of 3Ti/SiC/C or 3TiH2/SiC/C pellets to
produce high-purity Ti3SiC2 samples (⬎98%). The samples consisted
of a fully dense ceramic body with uniform ⱕ5 m grains. This
treatment is hereafter referred to as reactive sintering or the conventional synthesis. Many of the properties of the ceramic have been
measured on samples of this kind.
Although Barsoum et al. have achieved the greatest purity and
density for Ti3SiC2 samples to date, the reactive sintering/hot
isostatic pressing process is costly and difficult to scale up. Several
forms of the alternative technique, SHS, have been developed for
synthesizing Ti3SiC2.12–16 SHS processing has perceived economies and advantages that have attracted considerable interest.
These include the following: (i) the heat of reaction provides some
or all of the thermal energy required for the process; (ii) the
reaction times are very short; (iii) industrial scale-up is regarded as
simpler. The earliest work, by Pampuch et al.,19 used elemental
powders of 3Ti/Si/2C, cold-pressed and heated to 1050 –1200°C at
a heating rate of 500 K/min. The material produced was up to 90%
phase pure and reached a combustion temperature estimated at
1830°C. TiC was the major impurity phase with additional minor
silicide phases. Later work by the same group has centered on
purifying and densifying SHS-generated starting materials. Goesmann et al. developed an ultra-high-vacuum (UHV) electron-beam
ignition technique using mixed Ti/SiC powders.13 The powders
were weighed to have a Ti:C molar ratio the same as Ti3SiC2 and
a postreaction evaporation technique was used to remove the
excess silicon. Samples with ⬎92% Ti3SiC2 with minor amounts
of TiC and TiSi2 were fabricated. The ignition temperature was
reported to be ⬃900°C, and the combustion temperature was
estimated to be in the range 1700 –2617°C. Postreaction heating

In situ neutron diffraction at 0.9 s time resolution was used to
reveal the reaction mechanism during the self-propagating
high-temperature synthesis (SHS) of Ti3SiC2 from furnaceignited stoichiometric 3Ti ⴙ SiC ⴙ C mixtures. The diffraction
patterns indicate that the SHS proceeded in five stages: (i)
preheating of the reactants, (ii) the ␣ 3 ␤ phase transformation in Ti, (iii) preignition reactions, (iv) the formation of a
single solid intermediate phase in <0.9 s, and (v) the rapid
nucleation and growth of the product phase Ti3SiC2. No
amorphous contribution to the diffraction patterns from a
liquid phase was detected and, as such, it is unlikely that a
liquid phase plays a major role in this SHS reaction. The
intermediate phase is believed to be a solid solution of Si in TiC
such that the overall stoichiometry is ⬃3Ti:1Si:2C. Lattice
parameters and known thermal expansion data were used to
estimate the ignition temperature at 923 ⴞ 10°C (supported by
the ␣ 3 ␤ phase transformation in Ti) and the combustion
temperature at 2320 ⴞ 50°C.
I.

Introduction

T

(Ti3SiC2) has attracted considerable
interest in the literature because of a unique combination of
physical properties.1–23 These include a high melting point, good
high-temperature strength, resistance to corrosion and oxidation,
high Young’s modulus, and high electrical/thermal conductivity—
characteristics, which are both metallic and ceramic in nature.1,2
Lateral force microscopy measurements indicate exceptionally low
friction coefficients on cleavage faces;3 however, the bulk friction
coefficients are more akin to those of other ceramics.4 Recent
measurements have also revealed that the material has negligible
thermoelectric power between 300 and 800 K.5
Ti3SiC2 has a hexagonal crystal structure consisting of double
layers of TiC octahedra separated by a planar Si layer. The
structure has space group P63/mmc with lattice parameters a ⫽
3.0675 Å, c ⫽ 17.6570 Å.6,7 Recent band structure calculations
indicate that ionic, covalent, and metallic bonds coexist within the
structure.8 This combination of properties and crystal chemistry
has led to many interesting applications for the material being
postulated. Potential applications include machinable structural
ceramics that are corrosion, creep, and oxidation resistant;
corrosion- and oxidation-resistant barrier coatings; intermediate
phases in metal– ceramic bonding; electrodes in electrochemical
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with an electron beam was conducted at 1500 –1600°C for ⬃5 min
to drive off excess Si. An average weight loss of 4% was solely
attributed to silicon vaporization. Feng et al. incorporated in situ
consolidation at 34.4 MPa during dc resistive heating ignited SHS
of Ti3SiC2.14 SHS combustion temperatures were shown to be
dependent on the magnitude of an externally applied ac electric
field at either 2260°C (0 V) or 2420°C (6.67 V). Similarly, the
percentage of the TiC impurity phase was also very sensitive to the
processing conditions. By far the greatest conversion was the
⬎98% attained for samples held at 1525°C for 2 h after SHS
ignition.14 This latter method must be considered a hybrid of SHS
and the conventional synthesis method.
Against the advantages of SHS must be balanced two major
difficulties: (i) the products are usually very porous; (ii) to date, it
has proved difficult to produce very high purity Ti3SiC2 in this
way, other than by the hybrid method.14
To optimize an SHS method and minimize the formation of
unwanted phases it is important to understand the mechanisms that
control the growth of Ti3SiC2 as a product phase. The great speed
of SHS reactions and the very high temperatures involved have
caused the mechanisms to be poorly understood because sample
characterization has relied on postreaction techniques1,13,17,19,20
Often the physical characteristics of the microstructure have been
used to postulate mechanisms that rely on the melting, either of
one of the reactants20 or of an intermediate phase such as TiC,21 or
titanium silicides.22
A mechanism for Ti3SiC2 formation during the reactive sintering of 3Ti/SiC/C mixtures was developed by these ex situ
methods.16,17 The proposed mechanism involved two intermediate
phases, TiC and Ti5Si3, which form early in the sintering process
and are later consumed in the formation of the final phase,
Ti3SiC2.17 Recent in situ neutron diffraction studies by the authors
of this paper have confirmed the role of the intermediate phases
TiCx and Ti5Si3Cx in the conventional synthesis and have shown
that they are the only solid phases present over a wide range of
temperature before the Ti3SiC2 product phase forms.23,24 Postreaction XRD analyses of laboratory-generated SHS samples show
residual TiCx and small amounts of Ti5Si3Cx.25 This led to the
working hypothesis that the reaction would proceed by the SHS
formation of the same intermediate phases, TiCx and Ti5Si3Cx,
followed by their post-SHS interaction to form Ti3SiC2.
To test this hypothesis, it was necessary to find a suitable in situ
technique, as the in situ observation of Ti3SiC2 formation by SHS has
not been previously attempted. In situ observations of SHS reactions
have been successfully performed on several systems using X-ray
diffraction.26 –36 These studies no doubt provided some valuable
insight into the systems studied; however, some aspects were suboptimal. First, the systems chosen for study have been largely binaries
where intermediate phases are unlikely to form and the reaction
kinetics are extremely fast. Second, generally only a small angular
range (as little as 6° 2, 38° 2 at best) has been accessible, restricting
the amount of structural and compositional detail that can be extracted
from the diffraction patterns. Finally, of particular relevance to this
work, the X-rays used are heavily absorbed by the sample, usually
within 3–10 m of the surface. SHS reactions are widely known to
cause volatilization of some chemical species due to the high reaction
temperatures. In the Ti–Si–C system, the major losses are thought to
be Si,1,37 which is supported by the successful electron beam
evaporation of Si discussed above.13 It is therefore unclear whether
the surface of the sample would be truly representative of the bulk in
the Ti–Si–C system. To overcome these shortcomings, we have used
an ultra-high-speed in situ neutron diffraction instrument, D20 at the
Institut Laue-Langevin, to study the SHS reaction of 3Ti/SiC/C
mixtures. Neutrons are only weakly absorbed by this material and the
diffraction pattern is therefore representative of the entire sample. Our
results reveal an entirely new reaction mechanism.

Japan, ⬍100 m, 99.9%), and graphite powder (Aldrich, ⬍100 m,
99.9%) were mixed by hand in a mortar and pestle under an argon
atmosphere (⬍5 ppm O2, ⬍10 ppm H2O). A schematic diagram of
the sample environment is shown in Fig. 1. Each sample was
comprised of two or three 6-g pellets, 12.2 mm high and 15.2 mm in
diameter, prepared by cold-pressing at 180 MPa in a steel die. The
pellets were stacked and placed at the center of a 16 mm inner
diameter (ID) silica (SiO2) tube with a wall thickness of 1.5 mm. An
insulating section of Al2O3 was placed atop a stainless steel support
stand with a 3 mm thick Ti disk separating the sample from the
ceramic. Primary heating, ignition, and neutron diffraction data
collection were all conducted in a resistive vanadium vacuum furnace
operating under a pressure of ⬃10⫺2 mbar. The sample and the silica
tube were placed at the center of an interchangeable (V or Nb), 20 mm
ID heating element (20 – 40 m thick). A boron carbide (B4C) mask
positioned 3200 mm from the main reactor aperture and 50 mm from
the sample focal plane limited the neutron beam height to 42 mm with
a divergence of 3 mm. Care was taken to ensure that the support stand,
the Ti disk, and the Al2O3 section were well outside the penumbra of
the neutron beam. K-type thermocouples were positioned ⬃3 mm
below the base of the Ti disk and used to control the furnace
temperature. These also provided a rudimentary means to monitor the
exothermic ignition of the sample. Neutron diffraction patterns were
recorded in transmission geometry on the D20 diffractometer at the
Institut Max von Laue-Paul Langevin, Grenoble, France, using a
neutron wavelength of 1.3008 ⫾ 0.0001Å. The instrument is
equipped with a microstrip position sensitive detector allowing
simultaneous detection of diffraction patterns in the range 10 –150° 2
in arbitrarily short times down to 30 s (limited only by the diffracted
intensity from the sample).
A high-intensity diffraction pattern was recorded at room
temperature from each starting mixture. Samples were then preheated from room temperature to 400°C at 30°C/min. Between
400° and 850°C the heating rate was maintained at 30°C/min.
During this temperature interval, neutron diffraction patterns were
collected for 5 s each with an average data transfer time of 1 s.
From 850° to 1050°C the heating rate was increased, initially to
102°C/min and decreasing progressively to ⬃8°–15°C/min at
1000°C for the V heating element. During the same temperature

II. Experimental Procedure

Fig. 1. Schematic diagram of the experimental arrangement: (1) protective silica tube, (2) sample pellets, (3,4) furnace control thermocouples, (5)
metal foil heating element (V or Nb), (6) insulating Al2O3 disk, (7) Ti disk,
and (8) the neutron beam height.

Stoichiometric 3Ti:1Si:2C powder mixtures of Ti powder (SigmaAldrich, ⫺325 mesh, 99.98%), SiC powder (Performance Ceramics
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interval, the data acquisition time was decreased to 0.9 s including
0.4 s for data transfer (i.e., patterns were recorded in 0.5 s). SHS
ignition and combustion reactions occurred toward the latter part
of this interval. Data collection was terminated ⬃15–20 min after
ignition of the self-propagating reaction. Two samples were
studied in the experimental arrangement shown in Fig. 1 and a
third was studied without the intermediate SiO2 tube and using a
Nb furnace element instead of V. Results from the three samples
are very similar and differ only in some minor details that will be
highlighted in the appropriate sections to follow.
Reaction products were examined using optical microscopy,
SEM, and XRD (CuK␣). Diffraction patterns were analyzed using
the Rietveld analysis program FULLPROF.38 Refined parameters
for major phases were typically a zero correction, scale factors,
peak shape parameters, atomic occupancies, and lattice parameters. An interpolated fixed background was used to account for the
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presence of amorphous scattering from the silica tubing. This
profile was obtained from the room-temperature reactant pattern
with minor modifications for the influence of increasing temperature. Visual analysis of phase transformations and the reaction
mechanism were obtained using the large array manipulation
program (LAMP).39

III.

Results

(1) Reaction Overview
Because of the excellent time resolution of the experiment
(0.5 s to record each diffraction pattern and 0.4 s for data
download), an enormous amount of detail is apparent in the
resulting diffraction patterns. A comprehensive overview of the
time evolution of the experiment is given by composite diagrams

Fig. 2. (a) Representation of part of the diffraction patterns collected from the second sample. The x-axis is the diffraction angle 2, the y-axis is time (at
0.9 s per diffraction pattern), and the brightness is the diffracted neutron intensity. All five stages of the reaction are represented here. Most dramatic is the
discontinuity created by the SHS reaction. (b) Selected diffraction patterns to represent the five stages of the reaction (preheating of the reactants, the ␣ 3
␤ phase transformation in Ti, preignition reactions, an intermediate phase, and the growth of the product phase). Reflections characteristic of each phase are
marked as follows: () C, (F) SiC, (〫) ␣-Ti, (E) TiCx, (ƒ) ␤-Ti, (⽧) Ti3SiC2.
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such as that shown in Fig. 2(a). In Fig. 2(a), time is shown on the
vertical axis and the diffraction angle (2) on the horizontal axis.
Increased brightness indicates increased diffracted intensity on a
third axis perpendicular to the page. Five distinct stages were
identified. These are represented by the selected diffraction patterns A–E in Fig. 2(b), which is plotted on the same 2 scale as
Fig. 2(a). These respectively represent (A) the initial reactants, (B)
the start of the ␣-Ti 3 ␤-Ti transformation, (C) a preignition stage
between the completion of the ␣-Ti 3 ␤-Ti transformation and the
ignition event, (D) the rapid evolution of an intermediate phase,
and (E) the formation of the product phase, Ti3SiC2. These stages
will be discussed in turn in the sections that follow.
(2) Stage 1, Initial Reactants
The diffraction pattern of each sample at room temperature
consists of the reactant powders—␣-Ti, SiC, and graphite—as
represented by pattern A in Fig. 2(b). The presence of an
amorphous background (e.g., at 14 –22° 2) is attributable to the
silica tubing surrounding the sample. This was readily accounted
for in the Rietveld analysis via a fixed background. Below a
furnace temperature of 906 ⫾ 10°C the neutron diffraction patterns
show only the expected thermal expansion of the reactant phases.
The thermal expansion allows an estimate of the sample temperature at any stage of the reaction, to be made based on the lattice
expansion and known thermal expansion data.
(3) Stage 2, ␣-Ti 3 ␤-Ti Transformation
The transformation of ␣-Ti to the ␤ polymorph is the first
significant change in the samples. It is most easily observed by the
decrease in the intensity of the diffraction peak near 34° and the
corresponding increase in the intensity of the peak at 32.2°. A
representative diffraction pattern is shown as pattern B of Fig.
2(b). For this pattern, the integrated intensities indicate ⬃50%
completion of the transformation. Using the thermal expansion of
the reactants to calculate the temperature of the sample, it was
estimated that the ␣-Ti 3 ␤-Ti transformation began at 901 ⫾ 8°C
in good agreement with the literature value of 882°C for pure Ti
and 920°C at the C solubility limit. The complete ␣-Ti 3 ␤-Ti
transformation occurs over a furnace temperature interval of 69C°.
During the same time interval, the average sample temperature,
estimated from the thermal expansion of the SiC reactant, changed
by only 22°C. We believe this smearing out of the transformation
to be due to a temperature gradient from the surface to the center
of the sample. The transformation rate is hence controlled by the
thermal conductivity of the pellet. Other than this obvious phase
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transformation, there are no significant changes in the phase
composition of the samples before the completion of the ␣-Ti 3
␤-Ti transformation.
(4) Stage 3, Preignition
Between the end of the ␣-Ti 3 ␤-Ti transformation and the
SHS ignition, over a period of approximately 1 min, there are
small but significant changes to the diffraction patterns. Careful
comparison of patterns B and C in Fig. 2(b) reveal an increase in
the intensity of the peak near 30°. This peak is the major reflection
from SiC; however, it overlaps with TiC. There is an associated
decrease in the intensity of the ␤-Ti reflections (e.g., at 32.2°). The
changes are more clearly seen in Fig. 3, a three-dimensional
rendering of part of Fig. 2(a). Analysis of the complete diffraction
patterns in this region using Rietveld refinements confirms the
growth of a TiCx phase at the expense of ␤-Ti and free carbon. By
the time of the SHS ignition, there is 11 ⫾ 2 wt% TiCx in the
sample and the rate of formation is accelerating as indicated by the
integrated intensities of the composite SiC/TiC reflection at 30°,
shown in Fig. 4. Close scrutiny of the diffraction patterns immediately before ignition suggests that a very small amount of
Ti5Si3Cx is present. These phase quantities are in agreement with
earlier postreaction XRD analyses.25
(5) Stage 4, Intermediate Phase
The SHS ignition event is readily seen in Figs. 2(a) and 3 as a
complete discontinuity in the diffraction signal. A closer view of
the ignition event is shown in Fig. 5 for one of the samples. In less
than 0.9 s, the reactant diffraction patterns were replaced by
patterns like pattern D in Fig. 2(b). The entire 20 g samples had
apparently converted to a single solid phase with a NaCl structure
not unlike TiC. This was confirmed by Rietveld analyses such as
the one shown in Fig. 6. The intermediate phase is believed to be
a Si-substituted TiC with approximately the same stoichiometry as
the overall sample. The structure and significance of the intermediate phase will be discussed in Section IV(3).
The intermediate phase persisted as the only solid phase for 6 s†
after the ignition event before nucleation and growth of the product
phase began. An estimate of the sample temperature during and
following SHS ignition was made using the lattice contraction of
the intermediate phase on cooling. The lattice parameter at the end

†

In the sample without the SiO2 tube this time was reduced to 4 s.

Fig. 3. Three-dimensional rendering of part of Fig. 2(a) to highlight reaction stages 2–5. The diffraction angle 2 in the range 26 –36° lies along the x-axis,
time lies along the y-axis, and the diffracted intensity is shown along the z-axis. The letters indicate identifying diffraction peaks from (a) ␣-Ti, (b) initially
␣-Ti, later becoming ␤-Ti, (c) initially SiC but overlapped by some TiC in the approach to ignition, (d) the intermediate TiC-like phase, and (e) the Ti3SiC2
product phase.
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Fig. 6. Results of the Rietveld refinement of the intermediate phase
structure. The data are shown as “⫹”, the calculation and difference
profiles as solid lines, and reflection markers as vertical bars below the
figure.

Fig. 4. Integrated intensity of the reflections near 30° and 32.2° 2è. The
upper reflection is a composite of the (006) and (102) reflections of SiC,
and the (200) reflection from TiCx. The lower reflection is (110) from ␤-Ti.
The accelerating rate of TiC formation just before SHS ignition is obvious.

of the experiment was used as a reference on the assumption that
the sample had cooled to be at the known furnace temperature. The
thermal expansion coefficient used is that for pure TiC40 and may
be slightly in error due to Si substitution. The resulting temperature
profile is shown in Fig. 7, illustrating a maximum estimated at
2597 K. The temperature had decreased to ⬃2350 K before the
Ti3SiC2 product phase was observed in the diffraction patterns.

Fig. 7. Sample temperature as a function of time beginning with the SHS
ignition. The beginning of Ti3SiC2 precipitation is obvious as a marked
change of slope at 2350 K. The end of the Ti3SiC2 formation is marked in
the figure by an open square symbol.

(6) Stage 5, Product Phase Formation
After the 6-s incubation time, the product phase Ti3SiC2 begins
to appear in the diffraction patterns at the upper end of Figs. 2(a)
and 5. The rate of growth is quite rapid and is more clearly seen in
Fig. 3. After only a further 35 s, 80 wt% of the sample has
converted to the product phase and there is little further growth of
product phase thereafter. The sample temperature at this time is
estimated to have been 1723 K. The amount of intermediate phase
remaining at the end of the reaction is greater than the amount of
TiCx formed in the preignition stage and we are unable to conclude
anything concerning the fate of the TiCx.
IV.

Fig. 5. Close-up view of neutron diffraction data recorded during the
SHS ignition, incubation time, and growth of the product phase. Note the
curvature due to thermal contraction of the products which allows the
sample temperature to be estimated.

Discussion

(1) Preignition
The ignition temperatures reported for SHS reactions in the
Ti–Si–C system vary widely.19,21 Potentially, this may depend on
the starting materials, the powder pretreatment, or the heating rate
used. It is not always clear whether it is the sample temperature or
the furnace temperature at ignition that has been reported. In this
work, the furnace temperature at ignition was 988°, 1015°, and
1008°C for samples with terminal heating rates of 15°, 8°, and
100°C/min, respectively, the latter using the Nb heating element.
In these experiments, the diffraction data give us two additional
independent measures of the sample temperature: the thermal
expansion of the starting materials and the ␣ 3 ␤ transition in Ti.
In all cases, the ␣ 3 ␤ transition was complete before ignition,
meaning that the ignition temperatures were greater than 882°–
920°C (depending on the amount of C in solid solution in the Ti).
Estimates using the lattice expansion give ignition temperatures of
923 ⫾ 10°C in samples with an estimated thermal gradient of
22°C.
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It has been noted in previous in situ neutron diffraction work on
the conventional synthesis of Ti3SiC223,24 that the ␣ 3 ␤ phase
transition is generally observed to occur before the formation of
detectable amounts of the critical intermediate phases TiCx and
Ti5Si3Cx. This is also the case for all three samples studied in the
work reported here. It would appear that the ␤ phase reactivity is
significantly higher than that of the ␣ phase.
Once the ␣ 3 ␤ transformation is complete, signs of TiC are
very rapidly seen in the diffraction patterns as shown, for example,
in Fig. 5. TiC formation is highly exothermic and is believed to
provide additional energy to make the reaction self-sustaining. As
with all SHS reactions, the rate of heat generated by the reaction
needs to exceed the rate of heat loss to the surroundings. Once this
condition is attained, the system is essentially in a state of
undamped positive feedback and the reaction goes quickly to
completion. As such we see in Fig. 5, rapid growth in the rate of
the reaction Ti ⫹ C 3 TiC up to the point of SHS ignition.
With the starting materials used in this work, 3Ti ⫹ SiC ⫹ C,
there is a further criterion to be met, namely that the system locally
attain a high enough temperature (via the reaction of the limited
amount of free C with Ti) for Ti to rapidly react with SiC to release
Si (of order 1200 –1400°C in diffusion couples9,13,41). Thus the
critical heat release rate for SHS must be attained before the free
C is consumed or else the SHS will not initiate.
(2) Liquid-Phase Formation
It has been widely hypothesized in the literature that many SHS
reactions involve a liquid phase42 and this idea has been widely
accepted. The parameters governing the formation of a liquid are
thought to be the particle size and combustion temperature. Larger
particles and higher combustion temperatures both promote liquid
formation whereas fine particles are thought to react in the solid
state. In the Ti–Si–C system, evidence of liquid-phase formation
has been in the form of postreaction surface microstructures that
appear to have been molten and some continuum heat-flow
modeling.20 –22 In the current work, the presence of a substantial
amount of a liquid phase would give rise to an amorphous
background contribution in the diffraction patterns. Unfortunately,
data for our first two samples already have an amorphous background due to the SiO2 tube. Detailed background comparisons
between diffraction patterns collected just before and just after the
SHS ignition do not reveal any significant differences other than
those due to temperature increase. In addition, the third sample has
no SiO2 background and again no amorphous scattering was
detected. It is difficult to place a detection limit on these remarks;
however, based on the intensity of the SiO2 patterns and the
amount of SiO2 in the neutron beam, it is estimated to lie in the
2– 4 wt% range. To improve the counting statistics, the six patterns
collected during the incubation period just before the precipitation
of the product phase were summed and subjected to a similar
scrutiny of the background. Again no additional amorphous
scattering was found. These observations do not rule out the
formation of small amounts of an interfacial liquid.
If large amounts of liquid did form, it did so in less than 0.4 s
and the intermediate phase precipitated from it within that time.
Even if this is what occurred, the major part of the reaction path is
as observed via the neutron diffraction—a single solid intermediate (TiC-like) phase leading to the product phase Ti3SiC2.
(3) Intermediate Phase
Based on the work of El-Raghy et al.17,18 and our own
low-time-resolution in situ neutron diffraction studies of Ti3SiC2
synthesis from Ti/SiC/C starting mixtures,23–25 it was expected
that the intermediate phases TiCx and Ti5Si3Cx would play an
important role in the SHS reaction. Indeed, some TiC was formed
in the preignition stage of the reaction and very minute amounts of
Ti5Si3Cx were detected in stages 3–5 of the reaction. However, in
all three samples, stage 3 was dominated by a single intermediate
phase isostructural with TiC. In the absence of any compelling
evidence for a liquid phase, the absence of any other solid phases
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and no evidence for the loss of most of the Si by evaporation,‡ the
intermediate phase is considered to be a solid solution of Si in TiC.
Depending on which crystallographic site is occupied by the Si, the
phase could be either (Ti0.75Si0.25)C0.5 or Ti(Si0.33C0.66) assuming
the same stoichiometry as the starting mixture.
Confirming the nature of the intermediate phase has proved
difficult. If it could be assumed that both crystallographic sites in
the structure were fully occupied, the refinement of site occupancies during Rietveld analysis would allow identification of the site
occupied by the Si. Unfortunately, TiCx can take values of x
between 0.6 and 1.0 on the standard Ti–C phase diagram.43 The
situation is most readily illustrated by examining the structure
factors for the NaCl structure type:
F 2 ⫽ 16共b A ⫹ bB兲2

共共h ⫹ k ⫹ l 兲 even兲

(1a)

F ⫽ 16共b A ⫺ bB兲

共共h ⫹ k ⫹ l 兲 odd兲

(1b)

2

2

where the b’s are the neutron scattering lengths—analogous to the
X-ray form factors in X-ray diffraction. The subscript A refers to
the site occupied by Ti and B to the site occupied by C in TiC. The
scattering lengths for the elements of interest here are ⫺0.3438,§
0.41491, and 0.6646 for Ti, Si, and C, respectively, in units of
10⫺12 cm. Taking first the possibility that Si substitutes on the A
site, the approximate formula would be (Ti0.75Si0.25)C0.5 and the
structure factors would be as given in column 2 of Table I. On the
other hand, if the Si substitutes on the B site forming
Ti(Si0.33C0.66), the structure factors are given in column 3 of Table
I. In a high-intensity diffraction pattern, these would be readily
distinguishable from each other and from TiC although the
distinction between (Ti0.75Si0.25)C0.5 and TiC is less well-defined.
Unfortunately all of these compositions are merely members of a
continuous spectrum of possible compositions and structure factors. Since standard structure refinement techniques give structural
parameters based on the relative intensities of the two kinds of
reflection, there is no unique solution.
A TiC-like cubic phase with dissolved Si has been proposed by
Barsoum et al. to form during the attack of Ti3SiC2 by molten
cryolite as a result of the egress of Si.44 The formation mechanism
proposed by those authors involves both the organized shear of
a–b planes in the Ti3SiC2 and short-range diffusion of Si—
essentially the reverse of that required to transform the cubic
intermediate into Ti3SiC2. This process involves Si partitioning
onto selected (111) planes of the TiC-like structure and should lead
to superlattice reflections. Our diffraction patterns do not show
definite superlattice reflections; however, given that only a small
fraction of the sample may be in this partially ordered transition
state, the intensity of the 0.5 s patterns is not sufficient to rule out
this mechanism.
(4) Product Phase
The Ti3SiC2 product phase does not form directly from the
self-propagating high-temperature synthesis reaction, but rather
forms via the cubic intermediate phase. Ti3SiC2 precipitates
directly from the intermediate phase in 35 s, after a short
incubation period, as illustrated at the top of Fig. 5. It is difficult
to determine whether the time lapse after the SHS and before
precipitation of the Ti3SiC2 is a genuine incubation time, or merely

‡
For example, the sample eventually converts into 80 wt% Ti3SiC2 and so the
fraction of Si lost is at worst 20% and is believed to be much less.
§
Ti scatters neutrons 180° out of phase with most other elements and is hence given
a negative scattering length.

Table I. Illustrative Values of F2

(h ⫹ k ⫹ l) even
(h ⫹ k ⫹ l) odd

(Ti0.75Si0.25)C0.5

F2
Ti(Si0.33C0.66)

TiC

0.5080
3.7857

0.8594
13.532

1.6466
16.270
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the time required for the sample temperature to fall to a critical
value. The shorter incubation time for the third sample, without the
SiO2 shield, favors the latter explanation. The temperature at
which Ti3SiC2 begins to precipitate in Fig. 7 is ⬃2350 K
(2077°C), far higher than that used in the conventional synthesis.
This is the highest temperature at which Ti3SiC2 has been
observed by diffraction and its formation at this temperature
contradicts claims that the phase is unstable at temperatures above
1400°C.15,45 It can be noted from the deviation of the cooling
curve in Fig. 7 that Ti3SiC2 precipitation is exothermic. This
observation, using only diffraction-based thermometry, has led us
to propose a new method for very high temperature DTA.46 The
cessation of Ti3SiC2 formation at 1723 K (1450°C) is in good
agreement with literature observations that this is the minimum
temperature for successful reactive sintering.1,2,17,18,47,48
As noted in Section IV(3), the primary difference between SHS
and the conventional synthesis is that the latter involves two
intermediate phases, TiCx and Ti5Si3Cx.17,18,23,24 Further differences can be identified by considering the atom migration involved
in the production of the Ti3SiC2 phase. In the conventional
synthesis, distinct crystals of the two intermediate phases need to
decompose and their constituent atoms migrate over distances
commensurate with the crystallite dimensions— of order 1–5 m.
In situ neutron diffraction studies have shown that this process
takes ⬃20 min at 1500°C to reach the same state of completion as
the samples used here. In the mechanism observed here, the Ti, Si,
and C atoms are already well mixed within the intermediate phase
and only short-ranged atom migration on the scale of individual
unit cells is required.

V.

Conclusions

This experiment has demonstrated the power of in situ neutron
diffraction to reveal the reaction mechanisms, structural details,
and microstructural evolution of complex multicomponent systems. It has allowed the following conclusions to be drawn:
(1) Self-propagating high-temperature synthesis is readily initiated in 3Ti/SiC/C mixtures by a simple furnace ignition at initial
heating rates of 100°C/min.
(2) Conversion to the desired product phase was ⬃80 wt%
during the in situ experiment without any attempt to optimize the
process.
(3) The reaction proceeds via five stages: preheating of the
reactants, the ␣ 3 ␤ phase transformation in Ti, preignition
reactions, an intermediate phase, and the growth of the product
phase.
(4) Stage 2, the allotropic ␣ 3 ␤ phase transformation in Ti
appears to trigger the SHS reaction. We have postulated that this
is due to higher reactivity of the ␤ phase.
(5) Stage 3, the reaction of Ti with free carbon in the starting
mixture to form TiCx provides the initial energy, above that
provided by the furnace, required to initiate the SHS.
(6) SHS occurs very rapidly, converting the entire sample into
a cubic intermediate phase in 0.5 s or less. The combustion
temperature was estimated at 2597 K from the thermal contraction
of the intermediate and product phases.
(7) There are no signs of a substantial amount of a liquid
phase in the reaction. If such a phase forms, it either forms in small
quantities (possibly as an interfacial liquid) or forms and solidifies
very rapidly (less than 0.4 s).
(8) The intermediate cubic phase is most likely a solid
solution of Si in TiC.
(9) Ti3SiC2 precipitates and grows from the intermediate
phase in ⬃35 s after an incubation time of ⬃6 s.
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