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Kinetics of a non-catalytic gas—solid chemical
reaction under SHS-like conditions
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Nitration of metallic tantalum under self-propagating high-temperature synthesis (SHS)

conditions (i.e. rapid heating rates 20003000 Ks ~", and short heating periods 2-100 s} has
been studied. Phase analysis and microstructural characterization have been performed.

A two-phase mixture region of solid solution TaN, and tantalum subnitride, namely Ta:xN,
was observed in the nitrided tantalum at temperatures of 1600-2600 K and a partial nitrogen
pressure of 0.1-0.8 MPa. It was also found that tantalum subnitride phase formed before the
formation of Ta—N solid solution throughout the sample during nitration. A theoretical study
was conducted in order to determine the intrinsic reaction kinetics of a typical combustion
synthesis reaction. A new model was developed to explain all experimental observations.
The computer simulation results are in good agreement with experimental data. The results
indicate that at sufficiently large heating rates the product layer does not necessarily act as

a diffusion barrier that prevents further uptake of nitrogen. The results are helpful in
developing an understanding of the mechanism of powder-based SHS.

1. Introduction

The self-propagating high-temperature synthesis (SHS)
process can be used to fabricate a large number of
advanced ceramic, intermetallic and composite mater-
ials [1]. SHS is, in the most simple sense, the exploita-
tion of an exothermic and usually very rapid chemical
reaction to form a useful material. A key feature of the
process is that the heat required to drive the chemical
reaction is supplied from the reaction itself, and not
from an external and, therefore, expensive source. Ma-
terials that have been successfully synthesized include
carbides, borides, nitrides, oxides, intermetallics and
rather complex composites. Important applications in-
clude electronic materials, and wear-, corrosion- and
heat-resistant materials.

The SHS process is complex and incompletely
understood. A thorough, fundamental understanding
of SHS will require a mechanistic framework that ac-
counts for the distinguishing features of the process:
examples include local melting, liquid redistribution,
vapour-phase formation, intrinsic chemical reaction ki-
netics, internal heat transfer by conduction and radi-
ation, external heat transfer by radiation and convec-
tion, diffusion, supersaturation, and nucleation and
growth of the product phase. Several of these sub-
processes may occur simultaneously, and each sub-pro-
cess may influence some or all of the others. Further,
a change of one process parameter (such as particle size,
gas pressure, sample aspect ratio, etc.) may modify the
relative contribution of each sub-process to the out-
come of the overall process. Self-propagating behaviour
may thus cease if such a change leads to conditions that
are sufficiently unfavourable to self-propagation.
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The most central and perhaps least well understood
sub-process that occurs during the SHS process is the
particle-scale chemical reaction that occurs between
reactants. This central sub-process is, of course, that
portion of the description of the process that remains
once all transport resistances have been accounted for.
The principal difficulty in developing a detailed under-
standing of the intrinsic reaction kinetics arises from
the fact that a reactant particle is typically 1-50 pm in
diameter and typically experiences heating rates on
the order of 10*-10° K's ~'. In situ experiments are an
experimental impossibility. Alternatively, indirect
methods that have been used to study the intrinsic
kinetics include either (i) reaction quenching (using
moderate cooling rates [2]), or (1) a post-mortem anal-
ysis [3]. These approaches have yielded qualitative
information concerning possible mechanisms for both
of the major classes of SHS reactions: gas—solid and
solid-solid reactions. Quantitative reaction kinetic
expressions have not been forthcoming.

In this study, the intrinsic reaction kinetics of the
reaction between a transition metal (tantalum) and
a reactive gas (nitrogen) have been studied. The ex-
periments consisted essentially of a diffusion couple
that was subjected to heating rates that are character-
istic of SHS reactions. Experiments were conducted so
that the effects of nitrogen overpressure, sample tem-
perature, and time could be determined quantitatively.
A detailed theoretical model was developed in order
to aid in the interpretation of the experimental results.
A detailed reaction mechanism was deduced. The im-
portance of these results to the more general class of
gas—solid SHS reactions is discussed.
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2. Experimental procedure
Tantalum nitridation at elevated pressure was con-
ducted in a reaction chamber made of stainless steel.
The chamber was equipped with two sets of electrodes
that pass through gas-tight electrical feed-throughs for
resistively heating the sample, and for the use of a suit-
able oxygen getter. Fig. 11s a schematic representation
of the reaction chamber. The chamber was fitted with
sapphire windows, through which the sample temper-
ature was measured with an infrared pyrometer, and
through which the process was observed and recorded
using video equipment. A cold-drawn tantalum wire
(BSAR, 99.95%) that had a diameter of 500 x 10”® m
was used. High-purity nitrogen gas was used in which
the oxygen content was less than 5 p.p.m. The wire
was placed between the two electrodes and the cham-
ber was filled with nitrogen gas at pressures, py,, in the
range 0.1-0.8 MPa. Electrical current, i, of 16, 20 or
24 A (corresponding to current densities of 0.82, 1.0
and 1.2 x 108 Am~2) was passed through the tanta-
lum wire for a fixed time, .., in the range between
3 and 500 s. The corresponding temperatures to which
the samples were raised were determined to be 1600,
2100 and 2600 K, respectively. A schematic repres-
entation of a typical current-temperature—time profile
used in this study is shown in Fig. 2. The temperature
was calculated to reach its maximum in less than 2s.
The reaction continued until the current was turned
off, at which point the temperature quickly dropped at
the rate of 800 K s ! in the first second and cooled to
the ambient temperature in about 10s.

Specifically, the experimental procedure employed
was as follows: (i) the reaction chamber was evacuated
to 500 um Hg; (i) nitrogen gas was passed through the
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Figure I The high-pressure reaction chamber (schematic drawing).
A tantalum wire is held between electrodes under a nitrogen atmo-
sphere. When the wire is resistively heated, nitrogen is absorbed.
The wire is thus partially nitrided.
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Figure 2 Current and temperature profiles for tantalum wire in
gaseous nitrogen at py, = 0.1 MPa.

reaction chamber at a flow rate of 100 cm®s™! for
more than 2 h; (i1) the reaction chamber was filled
with nitrogen gas until it reached the specified pres-
sure; (iv) current was abruptly introduced to the wire
and maintained for the pre-determined time period; (v)
the wire was rapidly cooled by abruptly discontinuing
the applied current; and (vi) the gas pressure in the
reaction chamber was reduced to the ambient.

Scanning electron microscopy (SEM) was used to
observe microstructural changes in the nitrided tanta-
lum wire. The cross-section of the nitrided tantalum
wire samples was embedded in an epoxy disc for
grinding and polishing. The polished surface of the
wire was chemically etched using a mixed acid solu-
tion (HNQO;:HF :H,S0,) that selectively removed the
a-phase and left the B-phase (see also Section 3.1).
Quantitative X-ray diffraction (XRD) analysis was
used to determine the composition of the nitrided
tantalum wire. Both the surface of the nitrided wire
and powder obtained by grinding the wire were ana-
lysed. The parameters used for the X-ray diffraction
analysis were: (i} a scan rate of 1° (20) min ™ !; (ii)
a chopper increment of 0.05° (20); and (iii) a counting
time of 2 s. Finally, the weight of the wire before and
after nitridation was measured using a micro-gram-
matic balance (Fischer Scientific Company) to an ac-
curacy of 0.005 mg,

3. Results and discussion

The primary purpose of this work was to understand
the kinetics of tantalum nitridation under SHS condi-
tions. This was accomplished by studying the interac-
tion between a rapidly heated metal wire and a react-
ive gas. Both thermodynamic and kinetic information
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were used to develop a detailed, quantitative under-
standing of the reaction mechanism. The results of
such a study may then be used to form the basis for
a quantitative interpretation of the large class of SHS
reactions.

3.1. Phase identification and morphology

In order to clucidate the intrinsic mechanism of the
Ta-IN, reaction, a detailed knowledge of the product
phases must first be acquired. First, a detailed know-
ledge of the equilibrium phase diagram is required.
Second, the distribution of phases in (i.e. the micro-
structure of } the partially nitrided wire must be deter-
mined. Third, the radial distribution of the volume
fraction of each phase must be determined. This in-
formation may then ultimately be used to establish

a basis upon which a reaction mechanism may be -

deduced.

In the equilibrium phase diagram for the tanta-
lum-—nitrogen system [4], there are various nitride
phases such as TaN, (x phase), Ta,N; -, (B phase),
hexagonal TaN,,. (¢ phase) and cubic TaNy,;
(0 phase) (see also Fig. 3). In the temperature range
between 2500 and 3300 K, tantalum and nitrogen
form a solid solution, namely TaN, (for 0 < x < 0.19).
The various nitrides and solid solutions are stable
phases and may co-exist in certain composition and
temperature ranges. The nitride phases are typically
highly non-stoichiometric in nitrogen. The nitrogen
stoichiometry deviation, y, in Ta,N; _, is in the range
of 0 <y <042 at the temperature of 2600 K. There
are, of course, several phases, such as Ta,N; ., (or-
thorhombic) and Ta;Nj (tetragonal) that are known
to exist [5, 6], but that have not yet been incorporated
into the phase diagram shown in Fig. 3. Therefore,
even though the complete tantalum—nitrogen phase
diagram can thus be expected to be somewhat more
complex, the discussion here will make use of the
information contained in Fig. 3.

The distribution of Ta—N phases in the wire follow-
ing nitridation was as follows. Scanning electron
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Figure 3 Tantalum-nitrogen phase diagram (after Gatterer et al.
[4]). This work focused on the following regions: a, (¢ + B) and B.
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micrographs of the cross-section of the tantalum wire
following nitridation are shown in Fig. 4. Fig. 4a—c
show the results for reactions that were conducted for
time periods of short, intermediate and long duration,
respectively. The sample in Fig. 4a was heated in
a nitrogen atmosphere (py, = 0.1 MPa) for 3 s using
a current of 20 A (~ 2100 K). The outermost ring was
observed to be thin and not readily seen in the micro-
graph. Further, because the boundaries between the
other rings were seen to be indistinct and not well
defined, the corresponding images are shown sche-
matically to the right of the micrographs: The corres-
ponding XRD analysis showed that the outer ring
consisted of crystalline Ta,N;_,, and that the entire
(partially nitrided) tantaluom wire was a mixture of
Ta,N;_,, TaN, and tantalum metal. It was deter-
mined that the wire actually consisted of a core of
metallic tantalum that was enveloped by three concen-
tric layers: a ring of tantalum-nitrogen solid solution
(TaN,, or o phase);, a two-phase ring in which both
o and B phases were present; and a one-phase ring of
B-phase material at the surface. In the two-phase ring,
Ta,N; _, existed in the form of islands dispersed in
a continuous matrix of TaN, solid solution. Fig. 4b
shows the result for an intermediate reaction time. The
partially nitrided wire was shown to consist of an
outer ring, an inner ring, and a central core. XRD
analysis showed that the outer ring was Ta,N, _,
(P phase), that the core was TaN, (« phase) and that
the intermediate ring was a two-phase mixture of the
o and B phases. In the two-phase ring, p-phase existed
in the form of islands embedded in an a-phase matrix.
The metallic tantalum core that was present in Fig. 4a
was not observed in Fig. 4b. Fig. 4c shows the results
for a wire subjected to nitridation for a relatively long
period (t.,. = 100 s). The ring portion was shown by
XRD analysis to be the B phase, while the core was
a mixture of o and B phases. It is worthwhile to
emphasize that in our observation, p phase formed
before the formation of o phase throughout the
sample. This is different from the observations of
Grigoriev et al. [7]. They reported that during ni-
trition of fine wires (100—120 um diameter) of nio-
bium, titanium and zirconium o phase formed first,
and [ phase did not form until o phase was saturated
with nitrogen up to the solid solution limit. It is of
interest to note the existence of mixture of o +
two-phase region beside o single-phase region and
B single-phase region. The boundary of (a + B)/B is
distinct and sharp while the boundary of o/(a + B) is
relatively indistinct.

The radial distribution of the volume fraction of
phases present in the wire was determined in the
following manner. The powder X-ray diffraction
spectra of the partially nitrided tantalum (prepared
from wire that had been crushed following nitridation)
are shown in Fig. 5. The current application times for
these three samples were 13, 102 and 500 s, respective-
ly. In addition, a current of 20 A and a nitrogen
overpressure of 0.1 MPa were used. In spectrum (a) of
Fig. 5, corresponding to t.,, = 13 s, the existence of
Ta,Ny _, (uncircled peaks) was detected. The (101)
peak of Ta,N; _, and the (110) peak of TaN,/metallic
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Figure 4 Scanning electron micrographs of etched cross-section of nitrided tantalum wires heated under py, = 0.1 MPa and T = 2630 K
(i=20A)fort= (a) 3, (b) 17 and (c) 100 s. Also shown are the corresponding schematic representations.

tantalum were of the highest intensity and were shown
to be merged 11 some of the spectra of the samples. For
quantitative analysis of the specimen, the overlapping
bands were deconvoluted using the Cauchy line shape
method. The weight percentages of these two phases
were estimated using the integrals under the peaks of
(101) for Ta,N; _, and (1 10) for TaN,. In the estima-
tion, the reference index ratios (RIR) for Ta,N,;_, and

TaN, were presumed to be the same. The amount of
Ta,N;_, in that sample was estimated to be about
8 wt% and the amount of the o phase was 92 wt %.
In spectrum (b) of Fig. 5, corresponding to ¢, = 100 s,
the composition of the partially nitrided wire was most-
ly the B phase (96 wt %) while a small amount of TaN,
(4 wt%) was detected. Spectrum (c) in Fig. 5, corres-
ponding to i., = 500s, shows that the tantalum
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Figure 5 X-ray diffraction spectra of nitrided tantalum powder for
reaction times of (a) 13 s, (b) 100 s and (c) 500 s. The peaks denoted
by circles represent tantalum nitrogen solid solution, TaN,, while
the unmarked peaks are those for Ta,Na; —,.

wire sample had been fully nitrided. The time scale of
500 sis, of course, long in terms of an SHS process, but
it was used here to establish the thermodynamic end-
point of the process.

3.2. Product layer growth

The dependence of the growth or disappearance of
specific phases on reaction time, sample temperature,
and nitrogen overpressure is listed in Table 1. The
phases of the samples prepared under the conditions
of 20 A (corresponding to 2100 K) and 0.1 MPa nitro-
gen overpressure have been discussed in the previous
section. At a lower temperature, T = 1600 K, forma-
tion of Ta,N,_, was shown to be sluggish. Although
the amount of Ta,N, -y increased with time, the tanta-
lum wire was not fully converted to Ta,N; _, at 500 s
(with py, = 0.1 MPa). The sample was estimated to
consist of 88 wt% Ta,N;_, and 12 wt% TaN,. At
a higher temperature, T = 2600 K, on the other hand,
the amount of Ta,N; _, increased with time initially.
However, after 10 s, Ta,N; _, had apparently decom-
posed partially, and Ta,N, ., had formed under the
nitrogen pressure of 0.1 MPa. This suggested that
TayN; ., may be a stable phase with respect to
Ta,N; _, at relatively high temperature (= 2600 K).
Under higher nitrogen pressure, such as 0.5 and
0.8 MPa, the amount of Ta,N;_, increased mono-
tonically with time at a reaction temperature of
2100 K. The tantalum wire was fully converted to
Ta,N; _, after 500 s, and no TaN, was detected in the
X-ray diffraction spectra of the samples.

The growth of the B-phase layer at the surface of the
partially nitrided tantalum wire may be seen in Fig. 6,
which is a plot of the layer thickness following various
current application times. Three sample temperatures
and one nitrogen overpressure yalue were used. The
thickness of the surface layer’— measured radially
inward from the surface — was determined from scan-
ning electron micrographs of the samples following
nitridation. The nitridation was considered to be com-
plete as the product layer thickness was equal to the
wire’s radius. Several observations have been made.
First, the effect of sample temperature on the growth
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TABLE I Ta,N phase weight percentage of nitrided tantalum
under various conditions

Ta,N phase (wt %)

Pressure Current

(MPa) (A) 10s 100s 500s
0.1 16 - 38 83
0.1 20 8 94 100
0.1 24 56 71* 59*
0.5 20 46 96 100
0.8 20 49 100 100

*The other phase is TasN; . ..
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Figure 6 Tantalum nitride (Ta,N, _,) layer thickness on the surface
of the reacted tantalum wire as a function of reaction time.
n, = 0.1 MPa.

rate of the surface layer was significant, particularly as
the temperature was raised from 1600 K to 2100 K.
The effect was less pronounced as the temperature was
further increased to 2600 K. Second, a linear increase
of layer thickness with time was observed. Third, the
time required for complete nitridation was relatively
short at the higher temperatures. Finally, the slope of
each line was observed to increase as the nitrogen
overpressure was increased.

3.3. Intrinsic reaction mechanism
Non-catalytic gas—solid reactions typically proceed by
one of three mechanisms. The three mechanisms can
be identified (and quantified through modelling) ac-
cording to the relative magnitude of the rates of diffu-
sional mass transfer and chemical reaction. The three
mechanisms are often described by a heterogeneous
(shrinking core) model, a homogeneous (spatially uni-
form) model, and a more general (intermediate) model,
respectively [8]. In this section, each of these three
models are evaluated for its applicability as the mech-
anism for the high-heating-rate nitridation of tanta-
lum. Knowledge of the specific mechanism can then be
used to develop a complete understanding of the SHS
process.

First, the heterogeneous model was evaluated as
a possible reaction mechanism. The heterogeneous (or
“shrinking core”) model describes a situation where
two distinct layers with distinctly different material



properties are present during at least a portion of the
process. The outer layer (or “skin”) consists only of the
reaction product, while the core consists only of
the solid reactant. The chemical reaction is confined to
the skin—core interface. This process is often termed
a diffusion-limited process, because the flux of the
reactive gas through the sample’s surface is deter-
mined by the rate of diffusion to the reaction surface.
Corrosion processes often occur by this mechanism.
The high-heating-rate process studied in this work
cannot, however, be appropriately described as
a shrinking core process, because a distinct interface
between the o and B phases was not observed, and
a third (two-phase) region was observed. In addition,
a highly simplified version of the heterogeneous model
would suggest that the so-called “parabolic kinetics”
should apply: a straight-line relationship between layer
thickness and the square root of time should thus be
observed. However, Fig. 6 clearly indicates that such
a linear relationship of layer thickness versus square
root of time does not exist under these conditions.
Therefore, the parabolic kinetics does not apply. These
two experimental observations are sufficient to eliminate
the shrinking core model from further consideration.

Second, the homogeneous model was evaluated as
a possible reaction mechanism. In this case, the com-
position inside the sample is uniform at all times
during the experiment, such that the composition is
independent of position. Unlike the heterogeneous
model, distinct layers of skin and core, as well as
a sharp and well-defined reaction surface, do not exist.
This process is often termed a reaction-limited (or
kinetic-limited) process, because the flux of the react-
ive gas through the sample’s surface is determined by
the volumetric rate of chemical reaction between the
reactive gas and the solid reactant. Grigoriev et al. [7]
invoked this mechanism to describe the results of
a similar experiment that involved a rapidly, resistive-
ly heated metal wire in the presence of a reactive gas.
This is certainly not the correct mechanism for the
present case, however, because a distinct skin layer
was observed throughout the process. In other words,
the sample was distinctly inhomogeneous in all cases.
The difference between these results and those of
Grigoriev et al. can undoubtedly be traced to the
difficulty in the latter case of obtaining detailed mech-
anistic information from experiments where a very
fine wire (~ 100 um diameter) was nitrided on sub-
second time scales.

Third, a more general model was evaluated as
a possible reaction mechanism. The general model has
features of both the heterogeneous and homogeneous
models. In this case, the process is neither diffusion-
nor reaction-limited. The flux of the reactive gas
through the sample’s surface is determined by a com-
bination of the rates of diffusion and chemical reaction
(which are of similar magnitude). A skin layer may
form during the process, and it may act as a fairly
significant barrier to diffusion. The locus of the chem-
ical reaction is not necessarily confined to an infini-
tesimally thin reaction surface, however, thereby
allowing a portion of the diffusing reactive gas to
diffuse radially inward, into the core. The concentra-

tion of dissolved reactive gas in the core is thus finite,
and a radial gradient in the concentration of the
dissolved reactive gas may or may not exist. This is, of
course, similar to the generalized moving boundary
problem described by Crank [9] and others [10], in
which only a portion of a diffusing species adds to
a growing interface and the remainder passes through
the interface. Again, this is not the appropriate mecha-
nism for the high-heating-rate gas—solid reaction ex-
periments described above, because the appearance of
a two-phase region between the single-phase skin and
core regions would not be expected.

The appropriate expression for the chemical reac-
tion mechanism must, therefore, account for the pres-
ence of the following sequence of microstructures pres-
ent during the process: a-core only (¢ = 0), B-skin/two-
phase ring/a-~core, B-skin/two-phase core, B-skin only
(t »o0). For this purpose, a so-called “twin core”
model was developed to account for the presence of
the two-phase ring that cannot be accounted for by
the other models that were discussed in the previous
paragraphs. A brief description of the physicochemical
basis of the model is given here; a detailed description
1s given in the Appendix. The theoretical model con-
sists of an energy and two mass continuity equations
that yield time-dependent temperature, nitrogen con-
centration, and B-phase volume fraction profiles, re-
spectively, when solved with appropriate initial and
boundary conditions. The energy continuity equation
accounts for internal conduction, ohmic heat genera-
tion, and surface losses by radiation and natural con-
vection. The first mass balance accounts for diffusion
and reaction (loss), while the second mass balance
accounts for reaction (gain). The reaction is assumed
to be heterogeneous, occurring only at an o/f inter-
face. The magnitude and duration of the applied cur-
rent, as well as effective transport parameters, are
explicitly accounted for.

The results of calculations based on the theoretical
are shown in Figs 7 and 8. Fig. 7 shows a typical radial
distribution of the volume fraction of product (B)
phase at various times. Again, at early times, the
distribution conforms precisely to that of the moving
boundary description, and deviates significantly from
this description at later times. Fig. 8 shows the
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Figure 7 Typical radial distribution of the volume fraction of prod-
uct, B, phase at various times.
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Figure 8 Position of the skin—core boundary as a function of time at
0.1MPa N,.

position of the skin—core boundary as a function of
time. Fig. 8 highlights the fairly good agreement that
was achieved between the theoretical model calcu-
lation results and the experimentally determined
values.

Tt is, therefore, possible to deduce a detailed mecha-
nism of the Ta-N reaction under high-heating-rate
conditions. At the beginning of the process, low and
intermediate temperatures are briefly present, and the
diffusion and reaction processes are slow. As the tem-
perature is further increased, diffusion in both the
single-phase skin and core regions proceed at similar
rates, while the reaction at the skin—core interface
proceeds at a finite rate. In our case, surface nitrogen
concentration is about 33 at % (P phase). When the
wire is held at the maximum temperature for an inter-
mediate time period (i.e. before complete nitridation),
the core material adjacent to and radially inward from
the skin—core interface (at r =rg ) may be nearly
saturated with dissolved nitrogen (r is the radial posi-
tion in the wire). At this point in time, the concentra-
tion at this position is, of course, too low to form the
B-phase; the local composition thus remains the o-
phase. The rapid cooling that follows cessation of
current, however, usually results in a supersaturation
of dissolved nitrogen at this point in the core near the
interface. A sudden cooling of >1000 K can be ex-
pected in the first second following current cessation.
This creates a strong driving force for the formation of
B-phase material from nitrogen-saturated Ta—N solid
solution. In addition to the macroscopic skin—core
interface, seeds of the B phase must be created to
relieve the supersaturation. The seeds continue to
grow until a state of local saturation is achieved. The
region remains a two-phase region of o and B phases
(and not single-phase B), however, because the amount
of nitrogen in the rg region at the point of current
cessation was not sufficient to completely nitride the
core material during cooling. The single-phase skin
and core regions, alternatively, are formed in the more
usual manner.

3.4. Implications for SHS
Ultimately, the results of these high-heating-rate diffu-
sion couple experiments are most directly useful in
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developing a detailed understanding of the SHS pro-
cess. For example, the Ta—N, reaction is a non-cata-
Iytic gas—solid reaction, and may thus proceed as
a simple corrosion process. This study has shown that
even in the presence of a surface layer, very high
nitridation rates can be achieved. The high nitridation
rates lead to high rates of formation of Ta—N solid
solution and the B phase. This is very important be-
cause the formation of solid solution and the B phase
are significantly exothermic processes. A rapid nitrida-
tion process, therefore, gives rise to a corresponding
rapid rate of heat generation, which, in turn, drives the
self-propagating reaction. On the other hand, a lower
local heating rate of reactants in an SHS sample leads
to the formation of a skin layer that does act as
a diffusion barrier. This may lead to process condi-
tions that are not favourable to self-propagation.

These results are also directly applicable to a paral-
lel effort in the development of a complete theoretical
model of the SHS process [117]. More specifically, the
reaction mechanism and corresponding reaction rate
expressions are required for the development of the
model. This is the portion of the SHS process that is
the least well known, because the rapid heating rates
and short reaction times make the quantification of
the reaction kinetics an experimental impossibility in
powder-based systems. The ongoing theoretical study
will incorporate the results of this study in order to (i)
provide a micromechanistic framework for the inter-
pretation of experimental results, and (ii) develop
a fundamental understanding of the SHS process with
respect to the processing-microstructure-property re-
lationship.

4. Conclusion

A series of very high-heating-rate diffusion couple
experiments were conducted, in order to develop a de-
tailed and quantitative understanding of the intrinsic
chemical reaction kinetics of a typical gas—solid SHS
reaction. A metal (tantalum) wire was heated quickly
(> 1000K s ') by resistive heating in a reactive gas
(nitrogen), thus nitriding the wire. Microstructural
analysis of the wire’s cross-section yielded detailed
information about the extent of reaction at various
times. A two-phase o + P mixture phase region was
observed in nitrided samples. B-phase formation was
found to occur before nitrogen-saturated o-phase
formation throughout the sample. These results were
compared with three existing models for non-catalytic
gas—solid reaction processes. Each was shown to be
inappropriate for describing these reactions that had
been conducted under very high-heating-rate condi-
tions. A theoretical model was thus developed to ac-
count for all experimental observations. Subsequent
analysis showed that although the skin layer of prod-
uct material forms under these conditions, it does not
necessarily act as a diffusion barrier that ultimately
makes the SHS process a physical impossibility.
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Appendix: the theoretical model

A.1. Physical description of the process

A circular tantalum wire of diameter d,, is placed in
a nitrogen environment that is maintained at total
pressure, P. The wire is placed between electrodes, and
a current, i, 18 passed through the wire for a specified
time, fg,,. The wire i1s thus resistively heated from its
initial temperature to a specified maximum temper-
ature. The wire is held at the maximum temperature
while the current is maintained. For ¢ > ¢, the cur-
rent is no longer applied, and the temperature of the
wire subsequently decreases.

When the wire’s temperature is substantially above
the ambient temperature, the wire absorbs nitrogen by
a solution—diffusion-reaction mechanism. This pro-
cess is strongly affected by temperature — which, of
course, changes significantly during the course of the
absorption process. More specifically, very little nitro-
gen would be expected to be absorbed during the
initial stages of heating, as well as during the later
stages of cooling. At or near the maximum temper-
ature, however, high absorption rates would be ex-
pected. Further, the relative importance of the sub-
processes (i.e. solution, diffusion and reaction) is ex-
pected to shift as the temperature is rapidly raised,
held, and rapidly lowered. Finally, following cessation
of the applied current, the process is rapidly quenched.
This quenching effectively halts each of the sub-pro-
cesses, and essentially locks in the distribution of
phases, as well as the species concentration in each
phase.

A properly devised theoretical model must account
for each of these sub-processes, and it must properly
and quantitatively describe the relative contributions
of each sub-process at all times during the heating,
dwell and cooling portions of the experiment.

A.2. Theoretical model

The model consists of three continuity equations [12]
for conservation of energy, dissolved nitrogen and
Ta,N. The energy balance in cylindrical coordinates is

oT [1 o/ aT ,
pCPE“—k[; 5;(7.5:):!—*_[ Re (Al)

where p, C, and k are the local density, heat capacity
and thermal conductivity of the solid, respectively,
T is the local temperature, ¢ is the time,  1s the radial
position in the wire, I is the current density in the wire,
and R, is the electrical resistivity. Equation Al is
subject to the following initial and boundary condi-
tions

t=0, 0<r<R,, T=T, (A2)
oT

>0, r=0, —=0 (A3)
or

t>0, r=R,,

oT
- kE =o0e(T*—TE) + h(T ~T,) (Ad)

where R,, is the radius of the wire, T, is the initial
temperature of the wire, o is the Boltzmann constant,
¢ is the total emissivity of the solid, and h, is the
natural convection heat-transfer coefficient.

The mass continuity equation for nitrogen dis-
solved in tantalum (as solid solution) is

a((bmpNa) . 1 0 E 0 PNa
T-— —Rwaqﬁ—!—;—a—r rpad)aD 5 pa

(A5)

where ¢, is the local volume fraction of the o phase
(that is the Ta—N solid solution : see also Fig. 8), puy, is
the local mass density of nitrogen in the o phase, R, is
the local mass absorption rate of nitrogen from the
o phase to form p-phase material, a,4 is the local o~
intermaterial area density, p, is the intrinsic mass
density of the o phase, and D* is the effective diffusion
coefficient of nitrogen in the sample (and appropriate
combination of the bulk diffusivities of nitrogen in the
o and P phases). Upon rearrangement, Equation A3
becomes

Oxn Qg

Oy L Oxy
or

0%x
[hw(xn — xns)1 + D |:r o + Grz:l
(A6)

where xy is the mass fraction of nitrogen; h,, is the
mass transfer coefficient for the absorption of nitrogen
from o phase to form [ phase [7]; xn. is the mass
fraction of nitrogen in the o phase that is in equilib-
rium with the f phase (a function of temperature).

Equation A6 is subject to the following initial and
boundary conditions

oMo

t=0, 0<r<R,, xy=2xx, (A7)
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t>0, r=0, X=o (A8)
or

t>0, r= R, XN = Xn#* (A9)

where xy, is the initial mass fraction of nitrogen in the
wire, and xn» is the mass fraction of nitrogen that is in
equilibrium with the ambient nitrogen gas (that is
maintained at pressure P).

Further, it should be noted that the effective diffus-
ivity, DE, is determined by a suitable combination of
the bulk diffusivities in the o and B phases (D, and D),
and the local volume fraction of B (¢p). For ¢y =0,
D* =Dy, and for ¢g =1, D¥ = Dy. Otherwise, for
0 < ¢y < 1, DF is given by [13]

B (1 ¢
DF =D, + [%/(m + 5)} (1> ¢2)
(A10)

Finally, the mass continuity equation for the local
volume fraction of B (¢g) is

O($ppp)
t

—_—— = VBRaBaaB (All)

o
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where pj is the intrinsic mass density of the B phase,
and vg is the stoichiometric coefficient. All other
quantities are defined as above. Equation A1l is sub-
ject to the condition

t=0, 0<r<R,, ®&j=dp  (Al2)

As in Equation A6, Equation A11 can be re-expressed
as

00 _ Volad 1 — xne)]

Al3

A.3. Auxiliary quantities

In order to conduct theoretical experiments of the
nitridation of tantalum under SHS-like heating condi-
tions, additional quantities are required. First, the
local material (mixture) properties are found as

k= duk, + (1 — dy)kg (A14)
P=bupu+ (1 —Po)pp (A15)
Cp = (I)acpu + (1 - d)u) CpB (A16)

Second, the mass transfer coefficient, h,,, is determined
as [12]

_ 2 (pu xN) Doc
- d

where d,, is the diameter of the growing B-phase grain.
Third, the natural convection heat-transfer coefficient,
h, that is required in Equation A4 is determined as
follows [12]

hm (A17)

P

Nyu = a(Ng:Np,)" (A18)

where the Nusselt, Grashof and Prandtl numbers,
respectively, are defined here as

he(2R,)

Ny = ———22 A19
N ke (A19)
2R,)?pZ g B AT
Ng, = glp_fzﬁ_ (A20)
Mg
Np, = 2rbt (A21)
ke

where ke, pr, mg, ¢, are the thermal conductivity,
density, viscosity, and heat capacity, respectively, for
the fluid phase (i.e. gaseous nitrogen). The empirically
determined constants, a and m, for the case of a hori-
zontal cylinder of circular cross-section, such that
107? < (Ng,Np) <1 are a=1.09 and m = 0.10.
Equation A18, with Equation Al19 is then solved
for k..

The remaining quantities required for the simula-
tion are the material property parameters. The para-
meter values are listed in Tables Al and AIL

A.4. Method of solution

The continuity Equations Al, A6 and A13, along with
their initial and boundary conditions, were discretized
in fully implicit finite difference form. Each resulting
set of equations was solved simultaneously using the
Thomas method for tridiagonal matrix inversion.
Details of the method have been given in great detail
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TABLE AI Material property parameter values for condensed
phases [15, 16]

Material

property Ta () TaN, (B) Units

k 77.4 77.4 Wm lK™?
C, 1674 1674 Jkg 'K
p 16 600 14400 kgm™3

€ 0.23 0.80 -

R, 125x 1078 110 x10~# Qm

Do 1.23x107¢ 1.5x107¢ m?s~!

Ep 1.7 x10% 1.2x10° Jmol TtK !

TABLE AII Material property parameter values for the gaseous
phase [17]

Material
property Value Units
Density, p; P/RT; kgm™3
Compressibility, B; 1/T¢ " K™?
Heat capacity, Cy 970 + 0.15T; JkgtK!
Viscosity, ug 20 107° +3.2

x 1078 (T, — 348) kgm™1s!
Thermal
conductivity, k; (1.77 — 045/v) s cp WmtK™!

elsewhere [14] and are not repeated here. The calcu-
lations updated the radial distribution profiles of tem-
perature, dissolved nitrogen concentration and PB-
phase volume fraction. In addition, the instantaneous
location of the sink-core boundary was calculated in
the usual manner [9].
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