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Catalytically Assisted Self-Propagating High-Temperature Synthesis of
Tantalum Carbide Powders
Troy Kim and Margaret S. Wooldridge
Department of Mechanical Engineering, University of Michigan, Ann Arbor, Michigan 48109-2125
The use of gas-phase iodine and carbon dioxide as transport Previous experimental investigations have demonstrated that
agents in the tantalum/carbon/tantalum carbide combustion SHS systems are highly sensitive to the presence of gas-phase
synthesis system has been examined to determine the effects of species.®In fact, it has been proposed that discrepancies between
transport agents on product composition and microstructure. modeling results and experimental data are primarily due to the

Two tantalum reactant particle sizes, a range of transport presence of trace amounts of gas-phase reactants released during
agent concentrations, and total pressures were studied. The  combustiont The gas-phase reactants are created when adsorbed
effects of the combustion conditions on product morphology and trapped impurities contained in the powder reactants are
and composition were evaluated using scanning electron mi-  released. The gases react with the solid-phase species and assist in
croscopy, nitrogen adsorption (specific surface area), and  the transport of one reactant to another. The gas-phase diffusion
X-ray diffraction analyses. The results of the investigation transport augments the solid-phase diffusion transport that is
indicate that the presence of the iodine vapor and carbon required for sustained propagation of the combustion wave. Even
dioxide significantly enhances the combustion synthesis pro-  small quantities of gas can have a significant impact on SHS
cess, leading to higher conversion efficiencies and influencing  combustion, leading to pronounced changes in burning velocity,
product microstructure. The results are discussed in the temperature, product elongation, and reactants-to-products conver-
context of gas-phase and solid-phase transport models. sion efficiency™*® One important indication of the preliminary
studies is that gas-phase transport agents may provide a means to
influence and control product microstructure and composftion.

The presence of gas transport agents is particularly important in
systems where the adiabatic flame temperature is below the
melting point temperatures of the reactants, products, and inter-
mediate species. It has been proposed that combustion cannot
occur in these systems without the presence of gas transport

I. Introduction

IN RECENT years, self-propagating high-temperature combustion
synthesis (SHS) of materials has gained recognition for its
energy efficiency and high-purity products in comparison to other - e
conventional materials synthesis methods. In addition, SHS can be2d€Nts A solid-phase diffusion model does not support the

used to rapidly generate materials (grams of product in less than ac0mbustion rates observed in the experimental studies. Mass
few seconds) that are otherwise difficult to produce (e.g., transition transport of the reactants by gas-phase intermediates plays a vital

metal/borides, carbides, and nitridés).Many earlier studies role in systems of this type. Essentially, the gas-phase transport

focused on generating near-net shapes, where the product had littiA9eNts facilitate the combustion reactions.

physical variation from the reactant geometry. However, volumet- wa-ghtﬁ:aegorsetértr:]:ti(‘:)relyaall[l);tﬁ)k:{eoﬁ‘nt\r/lz g;cf;gi_ g?rrggirg]r:/sesélr%?%m ts
ric expansion and contraction, and product porosity that are Y 9 P 9

. ot " . on the morphology and composition of SHS-produced materials.
inherent to SHS systems make thatad_lfflcult objective to achieve. In particular, the tantalum/carbon/tantalum carbide (Ta/C/TaC)
The current work explores augmenting these aspects of SHS

systems as a means to generate high surface area materials, Witm’jlterlal system
specific application of the product materials as catalyst powders.
Here, the inherent porosity of the SHS product is highly desirable.
In particular, the use of gas transport agents in traditional SHS ) ) ] o
systems is examined with the objective of generating nanostruc- Was chosen as the basis for the experimental investigation. The
tured powders. Ta/C system was selected as th(_e su_bject (_)f the current wp_rk for
Current areas of interest in SHS research include extending SHSS€veral reasons. Tantalum carbide is an industrially significant
to new materials systems and the development of techniques thathaterial because of its high hardness properties; however,
can be used to control the microstructure and composition of the transition-metal carbides and nitrides have also been proposed as
product materiald-3 Morphology and composition are critical in ~ highly active catalytic materiafs.As mentioned above, gas-
designing and optimizing materials for their ultimate end use. asSisted SHS may be an ideal method for generating high surface
Techniques that lead to increased control of these characteristics irf€@ catalytic materials. In addition, the Ta/C/TaC system is a

SHS systems are key to successful development of SHS technologynonmelting systemT,y = 2734 K):" which makes Ta/C an ideal
system for the study of gas-assisted synthesis. Lastly, TaC is a

difficult material to make using either conventional techniques or
SHS methods® As a consequence, successful synthesis tech-
- nigues have high potential for impact on the materials community.
J. J. Petrovic—contributing editor lodine (L) vapor and carbon dioxide (CPwere chosen as the
gas transport agents in the current study. Solid-phase iodine has
been shown to be effective in influencing many macroscopic
_ ) characteristics in Ta/C combustion systems (e.g., burning velocity,
Manuscript No. 188563. Received May 16, 2000; approved November 13, 2000.
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Based in part on the thesis submitted by T. Kim for the M.S. degree in mechanical maximum temperature, et&)a' Coz has been proposed as an

Ta(s) + C(s) — TaC(s)

en%ineeringagnivhersl_i'ty of Mli_::hFiQQarlL,hAnnSArhborl, r\énG 205)0. st he Universi intermediate formed when trace oxide impurities are present in the
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Career Development Fund Program. Therefore, the specific goals of the investigation were to determine
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whether and to what extent the presence of iodine and carbonThe iodine vapor was added to the chamber until the desired mole
dioxide vapor affects TaC product microstructure and composition fraction of gas transport agent was achieved. The total pressures in
in SHS-generated materials. the combustion chamber were varied fré 0.23 to 1.29 bar for

the iodine experiments. For some higimole fraction conditions,

it was necessary to conduct the tests with subatmospheric pres-

Il.  Experimental Procedure sures in the combustion chamber. The mole fraction of iodine
) . ) vapor in the chamber was determined using the Ar and jhe |
All experiments were conducted using the combustion chamber partial pressures.

shown schematically in Fig. 1. The properties of the reactant = For the CQ experiments, the inert gas source 1 and the iodine
materials are listed in Table |. Samples were prepared by mixing shown in Fig. 1 were replaced with a compressed-gas cylinder of
the as-received powder reactants in equimolar ratios (FalCl) CO,. The mole fraction of CQin the chamber was determined
for a minimum of 12 h using a rolling-pin mixer. The mixtures  ysing the Ar and the C9partial pressures. The total pressures in
were then compacted into cylindrical pellets (1.3 cm diameter, the combustion chamber were varied frém= 0.23 to 1.60 bar for
2.4-3 cm length) using a mechanical pré3s{49.16 MPa, green  the CQ, experiments.
densities from 19% to 34%). Two wells (1.2 mm diameter, 5.5mm  after the desired mixture of gases was obtained in the combus-
depth) were drilled into each specimen perpendicular to the tion chamber, the combustion reaction was initiated using the
cylinder axis at a spacing 6f0.76-1.14 cm. Thermocouples were  yngsten filament. The filament was deactivated immediately after
placed in each well to monitor sample temperatures and 1o ignition of the sample occurred. After the SHS reaction was
determine burning velocities. The upper thermocouple was placed complete, the chamber was purged with argon.
~0.51-1.27 cm from the tungsten filament depending on overall  The microstructure of the final product material was examined
temperature profiles and the known spacing of the thermocouples.jmage the particles, and nitrogen adsorption to determine the
The effects of the gas transport additives on the burning velocities gpecific surface area (BET, Micrometrics ASAP 2010 Accelerated
are outside the scope of the present work and are discussed in Kimsyrface Area and Porosimetry System). Phase composition of the
and Wooldridge' samples was determined via X-ray diffraction (Scintag Thea/Theta

The prepared samples (12.29-20.08 g) were placed in the piffraction System, Model XGen-4000; Rigaku rotating anode
stainless steel combustion chamber on a specimen pedestal (als)-ray diffractometer).

stainless steel). A ceramic block was used as a feed-through for the

thermocouple wires and provided electrical insulation between the

thermocouples and the stainless steel chamber. Two C, D, and/or IIl. Results

G type thermocouples were used to monitor the temperature of the

specimen, while one type B thermocouple was used to measure the The effects of reactant particle size (tantalum particles only),

ambient temperature within the chamber. A resistively heated mole fraction of gas transport agent, and pressure on the product

tungsten filament was used to ignite the sample. composition and microstructure were examined. Table Il lists the
To begin an experiment, a specimen was placed in the chamberrange of conditions studied for each of these parameters. The

on the pedestal. The height of the stand was adjusted such that thenitial temperature T;), dilution by the final product, the molar

top of the specimen was1 mm from the filament. The chamber ratio of reactants, and the sample radigsafe all known to affect

door was sealed and the combustion chamber was repeatedlySHS combustion characteristits® These parameters were not

evacuated and purged with argon. Once the system was preparedexplored in the current work, and were kept constanf,at

the chamber was then filled with argon to the desired partial 299 K, Ta:C molar ratio of 1:1, no dilution with TaC, amd=

pressure. (A pressure gauge was used to monitor the pressure in th®.64 cm throughout the study. The Ta reactant particle sizes (1.14

chamber at all times.) For the iodine experiments, iodine was and 1.88um), listed in Tables | and II, were as per manufacturer

sublimed from crystal powder form and the vapor was directed specifications. An SEM image of the as-received Ta powder

into the combustion chamber using heated stainless steel tubing.(1.88 wm) is shown in Fig. 2. For discussion purposes, the

Connected to DC power source.

Interior View of the
Combustion Chamber
Inert Gas Inlet 1 Inert Gas Inlet 2
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Y Tungsten
Filament
Valve Valve ) —_— Te=thermocouple
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Fig. 1. Experimental schematic of the combustion chamber and gas-handling system. For the carbon dioxide experiments, the iodine source was replaced
with a CO, gas cylinder.



978 Journal of the American Ceramic Society—Kim and Wooldridge Vol. 84, No. 5

Table I. Reactant Properties

Specific surface

Reactant Manufacturer Particle size Purity" area (ni/g)
Tantalum Cerac T1000 1.88m 99.9% 0.5868
Tantalum Cerac T2011 1.14m 99.9% 0.7362
Carbon black Fisher C198-500 44 nm 99% 28.7855
Carbon dioxide Linde N/A N/A N/A
lodine Fisher 135-100 N/A =99.8% N/A
Argon Cryogenic N/A 99.998% N/A

TAs per manufacturer specifications.

Table Il. Experimental Conditions Studied in the Current

Work
Parameter Range
Size of tantalum particlés 1.88 um, 1.14um
Pressure (CQexperiments) 0.233-1.60 bar
Pressure (I experiments) 0.233-1.29 bar
Carbon dioxide mole fraction 40.6-80.0%
lodine mole fraction 21.4-57.8%

TAs per manufacturer specifications.

Fig. 3. SEM image of TaC product (Ta 1.88pum, x;, = 37.9%,P =
0.26 bar).

AccV Spot Maqﬁ
10.0kV 4.0 10700x SE 242 PVA-ECC. W/C=0.82, Coat
Fd * & il

Fig. 2. SEM image of unreacted, as-received tantalum powder=Ta
1.88 um).

tantalum reactants will be distinguished by the manufacturer size

specifications. AccV Spot Magn Det WD Exp
The Ta—C system was very sensitive to the presence or absenc T VPRt e/ WERSaENra.

of a gas transport agent. Ignition of the samples could not be ¥ .

achieved without a minimum or critical mole fraction of gas Fig. 4. SEM image of TaC product (Ta 1.14um, x,, = 37.9%,P =

transport agent present in the chambgr & 21%, xco, > 41%). 0.26 bar).

In addition, all samples exhibited delamination of the pellet

structure as the combustion wave passed through the reactants.

This _delamlnat!on_ Is consistent .W'th a system where gas-phasein structure to the tantalum reactant. As a result, the TaC product
reactions are significatt and is discussed more below.

formed from the Ta= 1.14um particles has smaller characteristic
) ) pore dimensions compared with the TaC product formed from the
(1) Microstructural Analysis Ta = 1.88 pm particles. Throughout the range of conditions
The microstructure of the product materials was examined using studied, the TaC microstructure observed via SEM imaging did not
both electron microscopy and nitrogen adsorption. Figure 3 is an appear to vary significantly with iodine mole fraction and pressure,
SEM image of the tantalum carbide product for a condition of except as a function of the initial Ta particles used. SEM images
X1, = 37.9%,P = 0.26 bar, and Ta= 1.88 um. (The microstrue of products obtained using C@s the transport agent exhibited the
ture was generally uniform throughout each product specimen; same trends; i.e., the type of tantalum reactant was the dominant
hence, only images obtained at the center of the product specimengactor affecting product morphology.
are shown.) Figure 4 is an SEM image of the TaC product for the  The results of the specific surface area (SSA) measurements are
same pressure and transport agent conditions as Fig, 3 (I shown in Fig. 5 as a function of the mole fraction of gas transport
37.9%,P = 0.26 bar); however, the sample was obtained using the agent in the vapor phase in the combustion chamber. Consistent
smaller tantalum reactant particles (¥al.14 um). As seen by a with the SEM images, the specific surface areas of the materials
comparison of Figs. 3 and 4, the product morphology is signifi- produced using the smaller tantalum particles yielded higher
cantly influenced by the size of the initial tantalum powder specific surface areas. The specific surface areas for the- Ta
particles. The product appears to have a morphology that is similar 1.14 um/CQO, and Ta= 1.88 um/l, systems were both relatively
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Fig. 5. Effect of gas transport agent on specific surface area as deter-

mined using BET. . - . . .
impurities such as tantalum subcarbide JTaan intermediate

species in the Ta/C systerhf,unreacted tantalum, or any oxide or
iodine species. Unreacted carbon black would not appear in the
XRD analysis due to the amorphous structure. l§Tar Ta were
present, peaks should be observedbet=236.5°, 38°, 72° for TsC

and @ = 38.5°, 56°, 69.5° for T&>

insensitive to the concentration of transport agent present in the
chamber. However, the specific surface areas were a strong
function of pressure for all systems except the Fd.88 pm/l,
system, as seen in Fig. 6. In fact, the specific surface area of the S i o :

y 9 P TaC can exist in a range of stoichiometries (i.e., C:Ta rafis).

small Ta reactantjlsystem increased by greater than a factor of 2 . o .
as pressure was decreased from 1.01 to 0.26 bar. Although the' herefore, the @ = 128° peak locations from the XRD spectra

SEM images showed the product to have a morphology similar to were used to determine TaC lattice parameters using the reéfation
that of the Ta reactant material, a comparison of specific surface A2

areas shows that the SSAs of the TaC products were consistently — sin? 6 = (R)W + K+ 17

higher than those of the corresponding Ta reactants for all cases

and conditions studied except the ¥a1.88 um/l, system (see  \here \ is the X-ray wavelength (1.5406 A} is the lattice
Figs. 5 and 6). Note, data shown in Figs. 5 and 6 for identical parameterp is the peak diffraction angle, and the Miller indices
experimental conditions (e.g., Fa 1.88um, P = 0.24 bar, and  ¢orresponding to the peak angle 2 127.87° bik,l) are (5,1,1)-6

X1, = 28.9%) are results from separate experiments and indicate The |attice parameters were in turn used to determine the corre-
the repeatability of the study. sponding molar ratios via the relationship given by Stdfins

(2) Compositional Analysis S (£0.0)) = —25.41+ 5.975%
Product composition was investigated using X-ray diffraction. Ta
The composition of TaC was validated by comparison with the
TaC diffraction pattern standard provided by the Joint Committee
for Powder Diffraction Standards (JCPDS) and XRD results of
Larson and co-workers, who also studied SHS synthesis of TaC.
A typical XRD trace is shown in Fig. 7. All of the product samples
indexed to tantalum carbide with no indication of the presence of

Figure 8 shows the results for product composition as a function
of the mole fraction of transport agent in the chamber. In general,
the TaC formed by CQassisted SHS vyielded lower C:Ta stoi-
chiometries than TaC formed by-&ssisted SHS. Although the
stoichiometries for the,Isamples were a weak function gfrhole
fraction, the CQ samples exhibited marked dependence on the

2.0
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Fig. 6. Effect of pressure on specific surface area as determined using Fig. 8. Effect of gas transport agent on tantalum carbide stoichiometries
BET. as determined using XRD.
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CO, mole fractions. Pressure effects on the product composition
were negligible for all conditions, as seen in Fig. 9. Again, please
note that data shown in Figs. 8 and 9 for identical experimental
conditions are results from separate experiments.

IV. Discussion

The effects of pressure, tantalum particle size, and gas transport

agent are consistent with what little is known regarding the
transport mechanisms important to thgTh/C and CQ/Ta/C

systems. Figures 10 and 11 are schematics representing possibl

physical mechanisms for the transport viaand CQ, respee
tively. Both figures include portions that represent the conversion
of tantalum and carbon to tantalum carbide via the solid diffusion
model proposed by Xue and Murli?.The solid diffusion mecha
nism consists of carbon diffusion into the tantalum matrix, which

results in a TaC layer encapsulating a tantalum core. Subsequen§

conversion to TaC occurs via diffusion of the carbon through the
TaC layer. Xue and Munir proposed that the carbon diffusion
through the TaC layer is the rate-limiting step in the conversion
process. The authors also identified tantalum subcarbidgC)Tas

an intermediate formed in the system; however, conversion to TaC

occurred rapidly.

In gas-assisted SHS systems both solid-phase diffusion trans-
port and gas-phase diffusion transport are present. The transport 0f2

metals by halogen species is well knoWit?*Figure 10 includes
the cycle proposed by Jeffes and Marptswhere Ta} is
produced via Ta(sy 2%2l,(g) — Talg(g) at low temperatures, and

then tantalum is condensed by the reverse reaction at high
Swvhere reaction to form Ta®) and release of the adsorbed oxygen

thermally driven, iodine cannot be reused to transport tantalum

temperatures, Tawill not be formed in significant quantities. In
the catalytically assisted/lTa/C SHS system, the reaction with |
physically transports tantalum to the carbon particles, thereby
enhancing the overall efficiency of the conversion to tantalum
carbide products. The increased transport efficiency results in

higher C:Ta ratios compared with unassisted SHS systems (e.qg.

Shkiro and co-workers obtained C:F&a 0.90 for all conditions
examined in their studies of the unassisted Ta/C systetfipnd
compared with the CQassisted system. In addition, the iodine
transport breaks the tantalum particles into smaller components
which should result in higher specific surface areas than if carbon
simply diffused into the existing tantalum particles. Figures 5 and
6 show this is the case for all conditions studied (including the
CO,-assisted samples) except théla = 1.88 pm system. This
exception is likely due to the size of the tantalum particles and the
resulting packing density, which is discussed further below.

T T T T T T T T T T T T T T T T
1.04 I + Ta=1.88 pm, 3o, = 38% 7
I X Ta=1.14 um, xc02:58%
102 1 B Ta=1.88 um, 75, = 26% T
1 ¥ Ta=1.14pm, x, =36%
1.00
0.98 |- e
2096 [ L] ] . -
& ] n
094 X X -
G v v
0.92 |- « —
+
0.90 | + +
0.88 |- —
0.86 | .
. 1 1 1 1 1 1 1 1 1 1 ] . i 1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Pressure [bar]

Fig. 9. Effect of pressure on tantalum carbide stoichiometries as deter-
mined using XRD.
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Fig. 10. Schematic of proposed transport mechanisms in tfiEalC
system.

The CQJ/Tal/C transport system is more complicated than the
odine system, involving multiple steps and chemical reactions as
seen in Fig. 11. The gas-phase transport mechanism shown in the
figure is primarily based on the transport steps proposed by
Merzhanovet al® in their study of the effects of Qimpurities on
the Ta/C SHS system. For the ¢Bystem studied in the current
work, the transport mechanism is initiated by conversion of the
CO, to CO via the Boudoir reaction Cy) + C(s) — 2CO(Q).
his reaction is rapid at combustion temperature§15ps, T =
700 Kf? and proceeds to virtually complete conversidf, =
7 X 10" MPa, T = 2700 K)® The carbon monoxide formed
diffuses rapidly at high temperatures for small interparticle dis-
tances €1 us for distances~5 um, T = 2700 K)® The carbon
monoxide is adsorbed onto the surface of the tantalum particles

then proceed. The oxygen reacts with carbon monoxide to form

Tcarbon dioxide, which completes the catalyst cycle. Gas-phase

tantalum oxides (TaO, TaPTa,0;) can also form in the system;
however, equilibrium calculations indicate orders of magnitude
lower concentrations compared with CO and£%0n the catalyt
ically assisted Ta/C SHS system, the reaction with, lysically
transports carbon to the tantalum particles. Unlike theystem,

the CQ, system is not a thermal cycle and therefore the,€én

be recycled to repeatedly transport carbon particles. Again, the
presence of the transport agent enhances the conversion of reac-
tants to products and results in higher tantalum carbide stoichio-

'metries, although CQis not as effective as iodine for most

conditions. It is also interesting to note that although the,CO
system transports carbon, there is still an increase in the specific
surface area of the TaC product over that due to the tantalum
reactant alone.

Merzhanovet al® proposed that the CO adsorption onto the
surface of the tantalum particle step is the rate-limiting step in the
CO, transport mechanism. Physical observations of the products in
the current study support that conclusion. Many of the TaC
products resulting from the C&assisted SHS were distinguished
by thin black layers along the interior surfaces of pores in the
samples. The composition of the layers could not be identified;
however, amorphous carbon would not appear on XRD scans. If
the carbon adsorption and reaction process is rate limiting, the
result could be thin carbon layers on the pore surfaces. Note that
unreacted carbon may lead to overestimates of the specific surface
area attributable to tantalum carbide (§20%) for the systems
with low conversion efficiencies, i.e., C:Ta raties0.92. These
black layers were not observed in the interior of theassisted
products.

Particle size effects in catalytically assisted SHS are due to the
surface contact area between particles and the corresponding void
fraction in the sample. In combustion synthesis systems where gas
transport is minimal, smaller reactant particles generally lead to
increased contact area between reactants and therefore higher
reaction rate$.In the current study, because the packing pressure
was fixed for both the large and the small tantalum reactants, the
specimens made from the Fa1.14 um particles had larger void
fractions with less contact area between particles. Gas-phase
transport should play a more critical role in these systems and the
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Fig. 11. Schematic of proposed transport mechanisms in thg TOC system.

Ta = 1.14 pum samples should be more responsive to changes in for the purpose of affecting product microstructure and composi-
the gas-phase transport conditions. Indeed, the microstructure oftion. In comparison to unassisted SHS studies of the Ta/C system
the products of the smaller tantalum reactant systems showed(where conversion efficiencies were less than 90% throughout the
greater sensitivity to the pressure and gas transport agent concenrange of conditions studiedy;?* the conversion efficiencies eb
trations for both CQ and L. tained in the current work are considerably improved. In particular,
In addition, the results from the iodine experiments indicate that no oxide impurities were observed when an oxygen-containing
a critical pore size (or combination of particle size and packing transport agent was used. In addition, parameters affecting the
density) may exist for the iodine-assisted SHS system (see Figs. 5morphology of the gas-assisted SHS TaC product were isolated
and 8), with different transport mechanisms limiting the conver- (e.g., reactant particle size, system pressure and the concentration
sion process for systems above or below this critical pore size. of transport agent present).
Gas-phase transport is critical to sustain reaction in all of the Catalytically assisted SHS appears to be a very promising
iodine systems studied. However, in iodine systems with pore sizesmethod for synthesis of materials with controlled microstructure
below the critical pore size (or conversely with high particle and composition. The reactant conditions (particle size and mole
surface contact areas), gas-phase transport is more rapid and solifraction of transport agent) can be selected in conjunction with the
diffusion may become the limiting transport process. Hence, the pressure in the combustion chamber to yield a product optimized
higher C:Ta ratios observed for the Ta 1.88 um iodine for high specific surface areas and high conversion efficiencies.
materials. Although the specific surface areas obtained in the current work
The effect of pressure on product composition was minimal; are not yet competitive with other synthesis methods (such as
however, the effect on product microstructure was significant for temperature-programmed reaction synthesis), which can produce
certain conditions. Changes in pressure or mole fraction will shift metal carbides with specific surface areas on the order of 50—
equilibrium reactions, augmenting or detracting from the net 100 n¥/g, the catalytically assisted SHS process has not been
gas-phase transport processes. For example, for a given temperasptimized for these target values. In particular, the results of the
ture, an increase in pressure will shift the Ja 2%2l,(g) < present study suggest that the use of nanostructured reactants (i.e.,
Talg(g) reaction to form more TgJ thus enhancing the tantalum  more porous or smaller tantalum particles) will lead to nanostruc-
transport. However, pressure also affects the microstructure by thetured products.
release of gas-phase species from the particle surfaces. The
formation of gas-phase species within the pores of the specimens
can lead to localized regions of very high pressr&swhich in Acknowledgments
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