Available online at www.sciencedirect.com

; sc.euce@p.“cn E"EQS

ELSEVIER Journal of the European Ceramic Society 24 (2004) 3807—3815

www.elsevier.com/locate/jeurceramsoc

Effect of preheating on synthesis of tantalum nitride
by self-propagating combustion

C. L. Yeh", E. W. Liu, Y. C. Chang

Department of Mechanical and Automation Engineering, Da-Yeh University, 112 Shan-Jiau Road, Da-Tsuen, Changhua 51505, Taiwan, ROC
Received 30 September 2003; received in revised form 18 December 2003; accepted 27 December 2003
Available online 4 May 2004

Abstract

An experimental investigation of self-propagating high-temperature synthesis (SHS) of tantalum nitride (TaN) was conducted with tantalum
compactsin nitrogen of 0.27-1.82 MPa. Effects of sample density, nitrogen pressure, and preheating temperature on the flame-front propagation
velocity, combustion temperature, degree of conversion, and product composition were studied. Results showed that the SHS process of the
tantalum/nitrogen reaction was characterized by the steady propagation of a planar combustion front, followed by a prolonged afterburning
reaction. The flame-front velocity increased with nitrogen pressure, but decreased with sample density. Preheating the sample prior to ignition
contributed higher combustion temperatures, thus leading to an increase in the conversion percentage. For the unpreheated samples, th
conversion increased significantly with nitrogen pressure and reached around 80% at 1.82 MP&iti Nreheating temperatures between

150 and 300C, the conversion was increased by about 15% when compared with that without preheating. The nitride phase TaN was identified
by XRD as the dominant composition in the combustion product.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction generates a self-sustained combustion wave traveling
through the samplé:® Combustion synthesis has been rec-
Transition metal nitrides have received considerable at- ognized as an attractive alternative of producing advanced
tention in recent years, due to their unique chemical and materials to the conventional methods, which, in general,
physical properties, such as high melting point, chemical in- are time-consuming and energy intensh’e Among the
ertness, superior hardness, metallic electrical conductivity, nitrides of early transition metals, the titanium nitride (TiN)
and low work function: Among these nitrides, tantalum ni- has been extensively investigated by SK¥S* The synthe-
trides (TaN and TgN) have been successfully applied as a sis of niobium nitride (NbN) by SHS has also been broadly
stable thin-film resistof;® and an excellent diffusion barrier  studied'®1” However, much less SHS study associated
between silicon and metal overlayérs.In addition, Leng with the tantalum/nitride system has been reported in the
et al® demonstrated that the blood compatibility of tantalum literature. Agrafiotis et al® conducted the combustion syn-
nitride is better than that of low-temperature isotropic py- thesis of tantalum nitride (TaN) in nitrogen of 3—-100 atm
rolytic carbon (LTIC), a most widely accepted biomedical using loosely packed tantalum powders in the form of
material for artificial heart valves. porous beds. With this configuration at pressures higher
Because of the high heat of reaction between transition than 55 atm, almost complete conversion of Ta to TaN was
metals (especially in groups IV and V) and nitrogen, nitrides achieved under the solid-phase dilution with 10-30wt.%
of some transition metals can be obtained by means of theTaN in the reactant mixture. Agrafiotis et &l.also indi-
combustion synthesis, or self-propagating high-temperaturecated that combustion temperatures were significantly lower
synthesis (SHS), in which a sufficiently exothermic reaction than the melting points of Ta (299€) and TaN (3090C).
The objective of this research was to experimentally study
* Corresponding author. Tekt886-4-8511888x2118; the synthesis of ta.ntalum nitridg by SHS using c_ompacted
fax: +-886-4-8511215. tantalum samples in gaseous nitrogen. Combustion charac-
E-mail addressclyeh@mail.dyu.edu.tw (C.L. Yeh). teristics, such as flame-front propagation mode, afterburning
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phenomenon, and combustion temperature profile were in-with the nitrogen gas for 2-3 min. After that, the chamber
vestigated to establish a fundamental knowledge of the SHSwas filled with nitrogen up to the desired pressure. In order
process for the production of tantalum nitride. In addition to control the sample initial temperature prior to ignition, the
to the influence of sample density and nitrogen pressure,sample holder was equipped with a 600 W cartridge heater.
an attempt was made to explore the effect of sample pre-In this study, the sample initial temperature was preheated
heating temperature on the flame-front propagation veloc- up to 300°C. The ignition of test samples was accomplished
ity, combustion temperature, and degree of conversion. Inby a heated tungsten coil with a voltage of 60V and a cur-
this study, preheating the sample prior to ignition was to rent of 1.5A.
achieve higher combustion temperatures, and thereby to en- The propagation rate of combustion front was measured
hance the nitride conversion. Finally, the combustion prod- by the recording of the whole combustion event with a color
ucts were analyzed for their microstructure and chemical CCD video camera (Pulnix TMC-7) at 30 frames per sec-
composition. ond. Due to the extremely high intensity of light emission
during the reaction between tantalum and nitrogen, the ex-
posure time of each recorded image was set at 0.1 ms. To
2. Experimental procedure facilitate the accurate measurement of instantaneous loca-
tions of the combustion front, a beam splitter (Rolyn Op-
Elemental tantalum (Ta) powders (Aldrich Chemical, tics), with a mirror characteristic of 75% transmission and
—325 mesh) with a mean particle diameter of4 and a 25% reflection, was used to optically superimpose a scale
purity of 99.9% were used as the reactant in this study andonto the image of the tantalum compact. The temperature
were pressed into cylindrical specimens having a diameterof tantalum sample was measured by a fine-wire (12§
of 7mm and a height of 12.5mm. In order to obtain test Pt/Pt-13% Rh thermocouple (Omega Inc.) attached on the
samples with different porosities, the tantalum compacts sample surface.
were prepared with the green packing densities equal to 45 After the combustion, burned samples were recovered
and 50% of the theoretical maximum density (TMD) of and weighed. The conversion percentage of metal to nitride
tantalum (16.65 g/cR). was calculated from the measurement of weight change of
The SHS reaction between the tantalum sample and nitro-sample compacts assuming a stoichiometric nitride (TaN)
gen gas was carried out in a stainless-steel windowed com-as the final product™™3 The microstructure of combus-
bustion chamber (shown Fig. 1) under a nitrogen pressure tion product was examined under a scanning electron micro-
ranging from 0.27 to 1.82 MPa. The nitrogen gas used in this Scope (SEM). The chemical composition was identified by
study had a purity of 99.999%. Before the experiment, the an X-ray diffractometer (Mac Science MXP) with CuxK
chamber was evacuated down to 0.01 Torr and then flushedradiation operating at 40 kV.
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Fig. 1. Schematic diagram of experimental setup to study SHS of tantalum nitride.
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Fig. 2. Recorded burning images indicating steady flame-front propagation and afterburning reaction of (a) an unpreheated 45% TMD Ta sample in
0.45MPa N, and (b) a 250C-preheated 50% TMD Ta sample in 1.48 MPa N

3. Results and discussion The SHS process of the preheated tantalum compact was
also featured by the steady propagation of a planar combus-
3.1. Observation of combustion characteristics tion front, as shown irFig. 2h It is useful to note that due

to a faster propagation rate of the flame front, as compared

Fig. 2ashows a series of recorded images illustrating the with the one without preheating, the preheated sample ex-
propagation of the flame front associated with an unpre- hibits a more obvious afterburning phenomenon. As shown
heated tantalum sample reacted in nitrogen of 0.45 MPa. Itin Fig. 2l the flame front reaches the bottom of the sample
is evident that upon ignition a distinct combustion front trav- at aboutr = 0.7 s, beyond which the brightness gradually
els downward from the ignited top plane, and transforms fades away from the sample. However; at 1.1 s the sam-
the cold reactant into an incandescent combustion product.ple appears to reglow, implying that the reaction resumes.
The self-sustained combustion wave forms a nearly planar The afterburning luminosity on the sample showiirig. 2b
front propagating in a steady manner. The scale image onis clearly observable during the time period of 1.1-3.0 s. This
the left-hand side of each picture is the optically superim- observation provides a visual evidence of the afterburning
posed reflection described above. As showifrign 23 the stage, where a prolonged bulk post-combustion takes place.
region behind the flame front remains glowing for a period It was also found that the burned samples basically retained
of time, indicating that the nitridation continues after the their original shape and porosity.
passage of the flame front; namely, the occurrence of the In addition to the recorded burning images, the SHS
so-called afterburning reactidi13 characteristics can also be demonstrated by the measured
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Fig. 3. Typical temperature profiles of burning Ta samples without preheating in nitrogen.

temperature profile-ig. 3 presents typical temperature pro- points of Ta (2996C) and TaN (3090C), which is consis-
files of burning samples without preheating in this study. As tent with the observation by Agrafiotis et As a resuilt,
shown inFig. 3, the abrupt increase of temperature signifies there was no tendency to melt the metal reactant and nitride
the arrival of the flame front. After the passage of the flame product during the tantalum/nitrogen SHS reaction.

front, the sample remains at high temperatures for about

2-3s, representing a prolonged afterburning phigg. 3 3.2. Measurement of flame-front propagation velocity

also indicates that the combustion temperature increases

with an increase in nitrogen pressure. The effect of sample The flame-front propagation velocity{() was deter-
preheating temperature on the combustion temperature ismined from the measured flame-front trajectory, which
shown inFig. 4. It was found that the combustion temper- was constructed upon the recorded film images. 5
ature was increased by increasing the sample preheatingshows the effect of nitrogen pressure on the flame-front
temperature. It is important to note that in this study mea- propagation velocity of unpreheated tantalum samples with
sured sample temperatures during both flame propagatingdifferent compacted densities. The flame-front propagation
and afterburning stages are considerably below the meltingvelocity increased with increasing nitrogen pressure, due to
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Fig. 4. Effect of sample preheating temperature on combustion temperature of Ta samples in 1.48 MPa N
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Fig. 5. Effects of nitrogen pressure and sample density on flame-front propagation velocity of unpreheated Ta samples.

an increase in the initial nitrogen concentration within the /1y, \2 R —Eq
porous sample. The propagation velocity was also found (—) F(ns) = K (E_> exp( RT )
a Cc

to increase with decreasing sample density, since a better
permeability for nitrogen gas to infiltrate was provided by a whereV; is the velocity of the combustion wavé is the
sample compact with a lower green dendrig. 6indicates combustion temperatur&(ns) is a function describing the
that preheating the sample leads to a considerable increaseonversion reached at the passage of the flame fEnis
in the front propagation velocity. This was attributed to the the activation energy of the proce$js the gas constant,
fact that combustion temperature was increased by increas-and K is a constant which includes the heat of reaction,
ing the sample preheating temperature. product density, effective thermal conductivity, and concen-
According to the study by Agrafiotis et af,the expres- tration of gaseous reactant. The expressions for the function,
sion for the dependence of flame propagation velocity on F(ns), under chemical kinetics- and filtration-controlled
combustion temperature can be simplified as: cases were given in detail by Agrafiotis et'alln order
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Fig. 6. Effect of sample preheating temperature on flame-front propagation velocity of Ta samples in 1.48MPa N
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Fig. 7. Effects of nitrogen pressure and sample density on conversion percentage of unpreheated Ta samples.

to determine the activation energy from the combustion 3.3. Analysis of product morphology and composition
measurement, the combustion parameter must reach a

pressure-independent value; that is, a kinetically-controlled The molar conversion percentage of tantalum to nitride
regime’®16 Based upon the results obtained in this paper, for the unpreheated samples under different nitrogen pres-
however, the combustion parameters, such as the flamesures is shown irFig. 7. It was found that the degree of
propagation velocity, combustion temperature, and nitride conversion increased substantially with increasing nitro-
conversion percentage (to be discussed in the next sec-gen pressure. A conversion of about 80% was obtained at
tion), increase as the nitrogen pressure is increased. Thisl.82 MPa of nitrogen. In addition, no dependence of the
implies a filtration-controlled combustion. As a result, conversion percentage on the sample density was observed.
the activation energy cannot be deduced from the presentThis is mainly because of the afterburning reaction, in which

investigation. the continuous nitridation takes place after the passage of
20
88 -
[ J () °
B [ J
86 o
g 84
3
S 82+ °
e
c 80 -
S
[%2])
5 78
>
S 76 -
@)
74 -
Sample density: 50% TMD
72 | L Nitrogen pressure: 1.48 MPa
70 T T T T T T
0 50 100 150 200 250 300 350

Preheating Temperature, T, (°C)

Fig. 8. Effect of sample preheating temperature on conversion percentage of Ta samples in 1.48 MPa N
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Fig. 9. SEM micrographs of combustion products obtained from (a) an unpreheated 50% TMD Ta sample in 1.48 M (H) a 300C-preheated
50% TMD Ta sample in 1.48 MPa i\
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Fig. 10. Continued.

the flame front. The effect of sample preheating on the con- TayN decreased with increasing nitrogen pressure. This sug-
version percentage under a nitrogen pressure of 1.48 MPa igyests that TaN is the dominant nitride phase at high pres-
shown inFig. 8 A considerable increase in the conversion sures of nitrogen. The formation of the secondary nitride
by about 15% was achieved as the sample initial tempera-phase TaN was because of insufficient nitrogeffig. 10c
ture increased from 25 to 15C. However, further increase  presents the XRD spectrum of the combustion product with
in the preheating temperature up to 3@ produced no  a preheating temperature of 20D. Even though the XRD
additional increase in the degree of conversion. This might pattern shown irfrig. 10cwas quite close to that iRig. 10k
be caused by the fact that the combustion front velocity it was found that the peak intensity associated with TaN was
increased significantly with the sample preheating temper- higher inFig. 10c This was attributed to an enhancement
ature, resulting in a shorter retention time of high tempera- of the degree of conversion by preheating the sample.
tures behind the flame front for the nitridation to procé®d.

SEM micrographs illustrating the morphologies of com-
bustion products obtained from samples without and with 4. Conclusions
preheating are displayed iig. 9a and brespectively. SEM
micrographs first revealed that the microstructure shown in  The SHS process associated with tantalum compacts in
Fig. 9b was very similar to that irFig. 9a Secondly, as  nitrogen to form tantalum nitride was experimentally inves-
compared with the reactant powder, no change in the parti-tigated in this study. Preheating the test samples prior to
cle morphology was observed after the SHS reaction. Thisignition was demonstrated to greatly affect the flame-front
further verifies the absence of any liquid phase formation velocity, combustion temperature, and product composition.
during the SHS process even with sample preheating. There-Based upon the experimental observations and measure-
fore, the test sample was able to retain its porosity for the ments of this study, several important results are summarized
continuous filtration of nitrogen gas, leading to an afterburn- below.
ing stage observed above. The flame propagation mode of the Ta/SHS system

Typical X-ray diffraction (XRD) spectra of combustion is characterized by the planar combustion front propagating
products obtained under three different test conditions arein a steady manner. After the passage of flame front, the
shown inFig. 10a—c XRD analysis indicated that the pres- occurrence of afterburning reaction was clearly observed. In
ence of three species in the final product, including two agreement with the visual observations, measured temper-
nitride phases of TaN and 4, as well as the unreacted ature profiles showed a sharp increase signifying the arrival
Ta. Due to the low degree of conversion of about 57% at of the combustion wave, and a subsequent high-temperature
0.62 MPa of nitrogenkig. 10ashows a great amount of the region representing the prolonged afterburning reaction.
Ta left unreacted. In comparison willig. 103 a significant Measured combustion temperatures together with SEM mi-
increase in the TaN phase at 1.48 MPa of nitrogen was ob-crographs verified the absence of any liquid phase formation
served inFig. 10b which confirmed a substantial increase during the SHS process of tantalum/nitrogen system. This
in the conversion with nitrogen pressure. It should be noted suggests that after the passage of the flame front the sam-
that besides elemental Ta, the peak intensity of the nitride ple still retains its porosity for nitrogen to penetrate, thus
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resulting in the afterburning reaction. Flame-front propaga- 4
tion velocity was found to increase with nitrogen pressure,
but decrease with sample density. An increase in sample pre- 5
heating temperature led to the increase of flame propagation
velocity, because the combustion temperature was increased.
The nitride conversion percentage of unpreheated sam-
ples was substantially increased by increasing the nitrogen 6
pressure. A relatively high conversion of about 80% was
achieved at 1.82 MPa of nitrogen. Due to the continuous ni- -
tridation in the afterburning stage, the degree of conversion
was found to be independent of the sample density. Pre-
heating the sample prior to ignition was demonstrated to 8-
enhance the conversion by about 15% optimally. The domi-
nant nitride phase synthesized in this study was identified as o
TaN by the XRD analysis. Both the secondary nitrideNa
and the unreacted Ta were significantly reduced by increas-
ing either the nitrogen pressure or the sample preheating?-

temperature. 11.
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