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Abstract

The reactive sintering of 3Ti/SiC/C to form the ternary carbidgSKT,, previously found to involve the intermediate phases,Ta@d
TisSisCy, was investigated by time-resolved neutron powder diffraction. The kinetics;8f(Gi formation from the intermediate phases
TiCy, TisSizCy (x<1) and a small amount of free C was determined. The crystallization rate of48&Tphase was determined through
quantitative analyses of the diffraction patterns collected at different temperatures and is initially well-described by the Mehl-Avrami—Johnso
equation. The activation energy was found to be 38® kJ/mol and the Avrami exponent 3t10.2. The Avrami exponent decreases to close
to 1 when more than half of the crystallization process was completed. This indicates a change in the mechag®&@ afyl$tal growth
from unrestricted two or three-dimensional growth in thd planes to one-dimensional growth only, due to interaction of the growing
disk-like crystals and cessation of growth in the preferred direction.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Sintering; Carbides; Kinetics; 35iC,; Neutron diffraction

1. Introduction vealed by in situ neutron diffraction during the heating of
3Ti/SIC/C mixtures at 10C/min and reactive sintering at
The last few years have seen strong interest in studies1600°C to synthesise %5iC, were discussed in our pre-
of the ternary carbide IBiC, because of its unique com- vious papers®!’ There two well-separated reaction stages
bination of propertied=® Ti3SiC, has been prepared us- were observed. In the first stage the two intermediate phases
ing several different methods!® Among them the reac- identified by El-Raghy and Barsoul,TiCy and TiSizCy
tive sintering of 3Ti/SiC/C to form BSIC, has been exten- (X< 1), occurred in the sample according to the overall re-
sively studied since, when coupled with hot pressing, this action 9Ti+ 3SiC + 3G~ 4TiCy + TisSisCx+C (x<1). By
process can produce fully dense near-single phas®id@i 1400°C all of the Ti has been consumed. In the second
ceramicl'1! To understand the reaction mechanism and its stage the two intermediate phases plus a small amount of
time and temperature dependence, we have studied the proearbon become the only phases in the system prior to the
cess using in situ neutron diffraction techniqd@s’ By appearance of the product phase. The intermediate phases
conducting the experiments in situ, the microstructural pro- react to form T3SiC, according to the overall reaction
cesses and phase transitions occurring in bulk ceramics aredTiCy + Ti5SisCx+C X< 1)— 3Ti3SiC,.17 Based on the
revealed in a time-resolved sequence. The reaction paths reeoncentrations of the 35iC, phase calculated from quan-
titative phase analysis of the diffraction patterns, forma-
* Corresponding author. Tel.: +61 2 4921 6213; fax: +61 2 4921 6946, 10N Of TisSIC; is slow at temperatures near 12 and,
E-mail addressErich.Kisi@newcastle.edu.au (E.H Kisi). fairly rapid at higher temperaturés.However, the kinet-
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ics were not quantified in these earlier continuous heating phases (the Gaussian and Lorentzian broadening components

experiment¥-1”—kinetic information is far more readily ob-  of the convoluted TOF profile, thermal parameters, structural

tained from isothermal experiments. Knowledge of the reac- variables andk—the site occupancy variable of TjGnd

tion kinetics is needed not only for a quantitative descrip- Ti5SizCy).

tion of the temperature-time paths of the reaction, but also  Based on the concentrations of thgSiC, phase in the

for a better understanding of the mechanism of the synthesissample calculated from QPA of the TOF diffraction patterns,

process. This paper reports the kinetics afSIC, formation and assuming that the reaction is described by the Avrami

from the intermediate phases TiCisSisCyand Cinthesec-  kinetic equation, the kinetics of 38iC, formation expressed

ond sintering stage based upon recent in situ time-resolvedas the mol-fraction of the transformed new phizsteany time

neutron diffraction experiments. t can be modeled using the Mehl-Avrami—Johnson (MAJ)
equation??-25

2. Experimental procedure and analysis f(6) = 1—expl- (K1)"] @

herenis the Avrami exponent arid is the reaction rate con-
stant, which is related to the activation energy of the process,
E, through an Arrhenius temperature dependence:

The experimental procedure is very similar to that used
previouslyl’” Ti (Aldrich 99.98%), SiC (Performance Ce-
ramics 99.9%) and C (graphite Fluka Chemika 99.9%) pow-
ders were mixed in stoichiometric proportions and hand K(T) = Ko exp(—E/RT) (2)
ground under argon. Cylindrical pellets of 16 mm diameter .
and 15mm high were cold pressed to (180 MPa) in a hard whereKj is the frequency factoR the gas constant antd
steel die. Two pellets were stacked vertically to increase the the absolute temperature. ,
mass of sample within the neutron beam and thereby reduce 12king the logarithm of E¢(1) twice:
dfata cqllection times. Time-of-flight (TOF) neutron ppwder InN[=In(L= f)] =n INK +nInt 3)
diffraction data were collected on the POLAR?Snedium
resolution powder diffractometer at the ISIS pulsed neutron A plot of In[—In(1—f)] versus Irt for different isotherms
spallation source, Rutherford Appleton Laboratory, UK. A will give nandK, and from these the activation energy of the
coarse mesh cage made from 0.25mm diameter Mo wire proces< can be determined.
was used to suspend the samples in the neutron beam in- Besides those intermediate phasesTEDd TiSi3Cy
side an evacuated-(L0° Torr) Ta element furnace during (x<1), the growth of TiSiC, crystals requires a small
the in situ synthesis studies. The furnace was heated up tcamount of free C for the solid state reacti$t’ The free
a predetermined holding temperature at an average rate ofC is not crystalline, and can not be determined from quan-
10°C/min to ensure that the correct mixture of intermediate titative analysis of the diffraction patterns, thus the derived
phases was formed. The samples were then held at temperfraction of the transformed 385iC; crystalsf could be af-
ature for 2.5 h followed by slow cooling to room tempera- fected by ignoring this factor. The effect of free C on the
ture. The furnace temperature was measured and controlleccalculated fractiorf is estimated by adding a stoichiometric
by two type W5 thermocouples positioned cm above the ~ amount of free C in the calculation and assuming that the
sample, in order to limit the amount of extraneous material free Cis reduced to null while the fraction of the transformed
in the neutron beam. Four heating ramps with holding tem- Ti3zSiC; crystalsf reaches the maximum.
peratures of 1450, 1500, 1550 and 16Q0were employed, The solid state reaction leading tos$iC, formation re-
respectively, and TOF neutron diffraction patterns were col- quires an incubation time at constant temperature for appre-
lected as repeated scans of 2.7 min throughout the synthesigiable reaction products to be observed. It is possible to de-
process. Provision of collimating slits between the sample scribe the reaction time as comprised from two components
and the detector combined with the TOF technique, which t=t; +t;, wheret; is incubation time and; is the crystal-
enables a complete diffraction pattern to be collected at alization time. Howevert is difficult to measure in our ex-
single fixed detector position, reduced significantly the in- periments, even though they were conducted isothermally.
tensities and numbers of Bragg reflections arising from the Due to the large heat capacity of the sample, a considerable
Ta furnace elements and heat shields which appear in theperiod of time is required before the temperature of the sam-
diffraction patterns collected in the#2~90° ZnS detector ple equilibrated with the furnace temperature, such that in
bank. some cases the reaction initiated before sample equilibration

Structure refinements were conducted by Rietveld analy- at the hold temperature. This incubation time spent at lower
sis using the program GSA%and the refined scale factors temperatures could become quite significant at the higher
were used to conduct quantitative phase analysis (3PA). temperatures when the reaction rate is high.

In the analysis, the refined parameters were: global param-  An iterative method was adopted in our calculation to cor-
eters (diffractometer zero, the coefficients of a polynomial rect for the effect and access the true incubation time at con-
background), parameters refined for all phases (scale fac-stanttemperature. It can be assumed that the incubation time
tor and lattice parameters) and ones refined only for majority required for the reaction at low temperature during an exper-
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iment would be, in effect, equivalent to a shorter period of parallel. As seenifig. 2, this is most closely observed for the
time at the hold temperature of the experiment, which can be lower portion of the data at 1450 and 15@ As for the plot
defined a%, so the total reaction time will becore t,, +to, at 1550°C, although the correct spacing between the plots
wherety, is measured time, and E() becomes: is observed, deviations from linearity occur earlier and are
larger. For the data at 160C, the deviation is too large and
S =1—exp=(K(tm + 10))"] (4) thegspacing is not as expected. The plotis much clogser to the
wheretg is not known, but was defined as 0 for the initial data for 1550C and the raw Arrhenius temperature relation
iteration. AninitialnandK were derived for each temperature is not valid for data recorded at 1600. The primary reason
from Eg.(3), and an average activation enefggstimated. forthisis the incubation time of the reaction. During the lower
Eq. (2) was then used to calculate a nwwhich was used  temperature isothermal holds (1450 and 150§the reaction
in Eq. (4) to calculate a nevip for each temperature. Then rate was relatively low and the bulk of the reaction occurred
the newty was used to do the second iteration and so on, atthe stated temperature. The small fraction of the incubation
until convergence was achieved, in this case, after only threetime that was spent at a lower temperature can therefore be
iterations. estimated and compensated for according to our corrected
timescale. At 1550C the fraction of the incubation time
occurring before the start of the isothermal hold increased
3. Results and discussion further. However, for the 160CC data, the sample actually
completed its incubation time while still at lower tempera-
An example of the neutron diffraction data and associated tures and a small amount of3BiC; formed even before the
Rietveld refinement fit used for quantitative phase analysis isothermal hold at 1600C began. There is potentially an ad-
is shown inFig. 1L The agreement between the calculated ditional effect presentin all measurements due to the fact that
and the observed data points is very good. The final plots because the thermocouple was not in contact with the sample,
of In[—In(1—f)] versus Irt at different temperatures after a further lag occurred between the thermocouple indicating
three iterations are shown Fig. 2 The value ofn for the the hold temperature and the bulk of the sample reaching this
formation of TgSiC, from 4TiC, + Ti5SisCy + C determined temperature. Hence, the plot for the measurements at’1600
from the measurement of the slopes is 8.0.2 and the actually reflects the reaction at a lower sample temperature.
reaction rate constankK is 1.35x 10°4s™1 (1450°C), Based on the position of the plot, we can estimate that the sam-
2.84x 104s~1 (1500°C), 5.76x 10~*s~1 (1550°C) and ple behaviour during the 160€ measurement reflects an ac-
1.13x 10 3s~1 (1600°C), respectively. The activation tual sample temperature of 1585, some 35C lower than
energyE = 3804 10 kJ/mol andKo=4.45x 10’ s~ 1 in Eq. the indicated temperature. Assuming this correction to be
(2) are derived from the three slopes at 1450, 1500 and valid, theK derived from the plot corresponding to 1585is
1550°C in Fig. 2 7.07x 10~*s1. The derived relationship between the frac-
In a perfectisothermal experiment at uniform temperature tion of the TgSiC, phase and the total reaction time at var-
intervals, the lines representing the Arrhenius temperature de-ous temperatures fitted by the MAJ equation is shown in
pendence of the reaction rate constérin Fig. 2would be Fig. 3
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Fig. 1. Rietveld fit to TOF neutron diffraction pattern collected at 18D0Data points are shown as (+) and the calculation as a solid line. The difference
profile for the refinement along with reflection markers for the phasgSi@3 (bottom), TiG o (middle lower), T§SizCo 64 (middle higher) and reflections
from the Ta furnace element (top) are shown below the pattern. TOF (ms) may be conversgzhtting A) by multiplying by 2.19x 1074,
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Fig. 2. The function InfIn(1—f)] vs. Int at different temperatures. The
straight line at each temperature is drawn according to the fitted vallgs of
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andE. The symbol corresponding to each temperaturex$:1450°C, (+)
1500°C, (A) 1550°C and (J) 1600°C.

Recalling that the reaction of TiCTisSi3Cy and free C

and Int is actually only properly held for the early stages of
the crystal growth process, where the Avrami expomnaran

be calculated as-3. During the later stages of the crystal-
lization, when the fraction of 5iC;, f, exceeds~0.5 (i.e.
In(—In(1 —f)) ~ —0.37), the plots start to deviate from the
linear relation as shown iRig. 2, and the Avrami exponemt
changes to about 1, and further to about 0, i.e. growth ceases
altogether. The Avrami exponemis a characteristic parame-

ter linked to the morphology of the crystallization procé%s,
and a change in the Avrami exponent during the growth of
the new phase indicates a change in the mechanism of crystal
growth. According to the MAJ theo®/?8a value of 3 for the
Avrami exponent corresponds to a bulk crystallization pro-
cess involving either two-dimensional growth with constant
nucleation rate, or three-dimensional growth of a constant
number of nuclei. In contrast, a value close to 1 corresponds
to a predominantly one dimensional crystal growth process.
These observations suggest that, after an initial stage of rel-
atively unrestricted growth, there is a mechanism change or
other shift in the crystal growth process. Anisotropic crystal
growth on different planes is likely to be the predominant fac-
tor in this case. It has been demonstrated (see, for example,
Fig. 24 of referenc®) that crystals of T{SiC, are always
anisotropic, forming sheet or disk shaped grains, the orienta-
tion of which corresponds to the basal planes of the hexag-
onal crystal structure of 35iCy, i.e. the TSiC, crystals
grows preferentially in theb plane and far slower along

to form TizSiC; proceeds in the solid state, the reaction ki- the c-axis. During the early stages of growth, theSiC,
netics presented here relate to the precipitation and growth ofcrystals are surrounded by a matrix of intermediate phases

Ti3SIiC, crystals. From the plots iRigs. 2 and 3it can also be

noted
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Fig. 3. The fraction of T§SiC; vs. the total reaction time at various temper-

that the linear Avrami relation between-Hrf(1 — f))

90

Time (min)

TiCx and TiSi3Cy which are gradually separated by the new
phase into isolated regions. However, as thSiK, crys-

tals grow larger they intersect each other and cease grow-
ing laterally. In the latter stages of the reaction (&0.5),

they will have formed a three-dimensional framework, leav-
ing only basal plane faces available for additional growth.
The remaining intermediate phases then continue to react
and deposit layers on the basal planes of the pre-existing
TizSiC, by a much slower one-dimensional crystal growth
mechanism.

Incompleteness of reaction between intermediate phases
was a common feature of early attempts at buSIC, syn-
thesis and was also the case in these experimeigisy). The
growth sequence outlined above may give some insight into
the cessation (or extreme slowing) of the reaction. If some of
the remaining intermediate phases are completely segregated
(i.e. TiCy or Ti5SizCy only) due to isolation of the regions by
the growing T§SiC, crystals, they would be unable to react
except by long-range diffusion of C and/or Si through the
TizSiC, crystals. Another contributing factor to incomplete
reaction may have been evaporative loss of Si due to the use
of a vacuum furnace.

In our previous in situ neutron diffraction study of the
sintering of 3Ti/SiC/C mixtures using constant wavelength
(CW) neutron$® a weak diffraction peak from 38iC, was

atures. The line at each temperature is fitted according to the MAJ equation.dete(:ted between 2 and 4 h of heating at 1ZD0However,

The symbols are the same aig. 2

in the current TOF experiment nosBiC, peak was found in
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the diffraction patterns for 3Ti/SIC/C samples held at tem- References
peratures between 1200 and 1320for 2h and 10 min. _ o
1. Barsoum, M. W. and EIl-Raghy, T., Synthesis and characterization

Based on the kinetic information derived from the cur-
rent measurements, the reaction ritdor the formation

of Ti3SiC, at 1200°C would be~1.5x 10-%s~1, which

is about an order of magnitude lower than the estimkte (
(1200°C) = (k~2x 1078 =1 5% 10-5s1) made from

the analysis of a single diffraction peak in our previous CW
neutron diffraction data® However, in our CW measurement
at 1200°C for a prolonged holding time the Avrami expo-
nent derived for the reaction is1.6, and those earlier data
should be treated with caution as only one weak peak from
two diffraction patterns were used to construct the figures.
The possible involvement of other competing reactions, e.g.
Ti+ SiC — TisSi3C + TiCy at this lower temperature, and the
difference of the sample environment (Ar gas for previous 7.
measurement, and vacuum in the TOF measurement) may
have also played a role in the different behaviours of the
samples at the same temperatures. This requires further in-g
vestigation.

The value obtained for the reaction enthalpy (380 kJ/mol)
is insensitive to the corrections made to the time scale and
the upper temperature and so we have some confidence
init. 10,

4.

5

4. Conclusion 11.

The kinetics of the growth of EBiC; crystals by solid
state reaction of the intermediate phasesyilisSi3Cy
(x<1) and a small amount of free C, determined from
quantitative analysis of in situ neutron diffraction data col- 13
lected at different temperatures may be modelled by the by
Mehl-Avrami-Johnson equation.

Based on fitting the data with the Avrami equation, the 14
value for the activation energy is 38010 kJ/mol, and the
corresponding Avrami exponent is 3H0.2 for the initial
stages of crystal growth. The Avrami exponent decreases to
approximately 1 after more than 0.5-0.6 of the reaction has
completed. This phenomenon suggests a change in the mech-
anism of TgSiC, crystal growth from three-dimensional to
one-dimensional and indicates the importance of anisotropic
crystal growth in the development of 3BiC, microstruc-
tures.
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