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ABSTRACT

Titanium silicon carbide (5iC,) possesses a unique combination of properties of both metals and ceramics, for it is
thermally shock resistant, thermally and electrically conductive, damage tolerant, lightweight, highly oxidation
resistant, elastically stiff, and mechanically machinable. In this paper, the effect of high vacuum annealing on the phase
stability and phase transitions of;3iCy/TiC/TiSi, composites at up to 1550°C was studied usmgitu neutron
diffraction. The role of TiC and Tigon the thermal stability of T$iC, during vacuum annealing is discussed. TiC

reacts with TiSi between 1400-1450°C to form ;8iC,. Above 1400°C, decomposition of 38iC, into TiC
commenced and the rate increased with increased temperature and dwell time. Furthermore, the activation energy for
the formation and decomposition 0£3iC, was determined.

KEYWORDS: TisSiC,, thermal stabilityjn-situ neutron diffraction.

INTRODUCTION It is difficult to synthesize EBiC, with 100 % purity due

Many attempts have been made to produce neR& its high propensity to dissociate into TiC. As indicated in

materials with a unique combination of the ductility,t e Ti-Si-C phase diagram (Fig. 1), the equilibrium state of
R single phase of 33iC, only occupies a small area which

ivi hinability of I ith the higlf > ) . . .
conductivity, and machinability of metals, and with the hig S intersected by the boundaries of TiC, SiC, and,Ti8i

strength, high modulus, high thermal stability, and superi(’J . . . ;
high-temperature-oxidation resistance of ceramics. Ternafys Study. two Maxthal E5IC; samples with different
carbides, such as ;8iC, and THAIC,, are hexagonal amounts of TiC and Tigwere used. The role of TiC and

layered compounds belonging to a family with the gener;—f-sizqn the_thermal sFak_JiIity_ and_phase transition QBI,
formula: My.,AX, wheren is 1, 2 or 3,M is an early was investigated usingn-situ high-temperature neutron
transitidn rrr;eltalﬁi is anA—group’(mainIy ’group II-A ang diffraction. Furthermore, synchrotron radiation diffraction

IV-A) element, andX is either carbon or nitrogen [1-12]. (SRD) was used to characterize the surface composition in

TizSiC, has high toughness, high Young's modulus, oS -received and vacuum-annealed samples.

hardness, and moderate flexural strength. Furthermore, tEXPERIMENTAL SAMPLE PREPARATION

exhibits plasticity at high temperature, good electrical

condqctivi_ty, high thermal shock resi_stance, a_md _ good paxthal TiSiCzsamples (15 mm in diameter and 50 mm

machlngblllty [3,5,7,9,11, 13]. Thg salient cqmblnatlon % length) were fabricated using a proprietary method

properties makes ternary carbides ideal candidate materigl§;eloped by Kanthal AB, Sweden. The density of these

for high-temperature applications. samples was ~4.47 glcwith ~1 % porosity. Two Maxthal
The thermal stability of ESIC, in vacuum has attracted TisSiCz samples (A and B) with different amounts of TiC

little attention [10, 14-16]. Emmerlichet al. [14] and TiSkwere used. The contents of TiC and TiBesent

investigated the thermal stability of ;8iC, thin films and in Samples A and B were 34.8 and 7.0 mol %, and 50.8 and

reported that the rapid decomposition ofSIC,, associated 9.9 mol %respectively.

with Si out-diffusion and de-twining of as-relaxed;@i

slabs into oriented TiG, layers, is observed when In-situ neutron diffraction
annealing at 1100-1200°C. Radhakrishnah al. [16]
reported similar results for the decomposition ofSIC, in The collection of high-temperaturén-situ neutron

vacuum and stated that ;8iC, did not dissociate up to diffraction data was conducted using Wombat (the high-
1800°C but was found susceptible to carburization arigtensity neutron powder diffractometer) at the OPAL
oxidation. Ooet al. [15] studied the thermal stability of source in Australia. Data were collected using neutrons with
TisSiC, in argon with low oxygen partial pressure andncident wavelength df = ~1.660 A from 15 to 135°%2at a

reported that BBIC, decomposed into TiC and sBi;C,. Sseparation of 0.125°, with the use of the oscillating tertiary
Sun et al. [10] reported the occurrence of transformatiorgollimator. Rietica 1.7.7 was used for phase identification
betweena-andp- TisSiC,, and thai-Ti;SiC,is more stable and Rietveld refinement. The optimized parameters during
thanp- TisSiC,. refinement were background coefficients, zero-shift error,
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peak shape parameters, cell parameters, and apiotr was used to identify the crystalline phases presént
thermal factors. The residual values of the refieetn diamond blade was used to cut thin slices (~1 mick}h
statistical reliability factor of Bragg @R R-weighted from the as-received and as-annealed samples. lides s
pattern (Rp), R-expected (Rp) and the goodness-of-fit were cleaned ultra-sonically prior to SRD experitndine
(), were evaluated. In Rietica,is defined as the square ofcompositional information was measured using flatep
the ratio of Rwp to Rexp. Solid cylindrical barstiwi SRD and image plates were used to record the dliibra
dimensions 15 mm (Diameter) x 20 mm (Height) cotrfr patterns at 3.0° with a fixed wavelength of 0.7A.
as-received samples were used in this study. The

temperature of the sample environment was contfdd},ea RESULTS AND DISCUSSION

closed cylindrical niobium vacuum furnace (11)0 torr).
The sample was held by vanadium wire and heated to
1550°C according to the heating protocol shownim E.

X . ) Phase Transition during Vacuum Annealing
Diffraction patterns were collected every minute.

5i Results in Figures 3a and 3b show the phase tiamsit
Sample A and Sample B annealed in vacuum at terypera
up to 1550°C. For Sample A, TiSeacted with TiC during
vacuum annealing to form BiC, at temperatures above
1300°C as follows:

Tislg JEEBTE) o TiSi, + 2TIC — Ti SiC, + Si (1)

TisiTisi;TigSiaCr gg 4 ()

100

Si+Sic+TiSiz

TigSiy + TiSi+TigSiaCy ¥ / This reaction resulted in the increased amounts of
TisSiC,. By 1500°C, TiSi was fully consumed to form
TisSiC,, and at the same time, a pronounced decrease in
Ti5SiC, content from 65.4 £1.22 to 58.3 +1.22 mol % was
observed. The reduction of ;8iC, with a complementary
increase in TiC suggests that the decompositiohisSiC,
into TiC occurs \ia the sublimation of Ti and Si gaseous)

SICHTIC)-x +C

“
(7 TigSizCy_y
7 +Tilbec)

TigSiCiox *+Ti3SIC,

T as follows:
0

0 20 Lo ™ 60 80 100 A . . .

i Tic Ti Si 2TiIC +Ti +Si 2
& Atorsie: % Carbon & SIC, 7 2TIC* Tig* Sl 2)

Fig. 1: Ti-Si-C ternary phase diagram at isotherrsattion

at 1250 °C [17]. On the other hand, Sample B, consisting of more TiC

than Sample A, showed better stability in vacuurerei
1800 TisSIiC, also formed from the reaction of TjSand TiC at
1400-1500°C. Once Tigiwas depleted, there was only a

1600 . .
small decrease in 33iC, content from 1500 to 1500°C.
1400 1 However, within experimental and/or calculationoes; the
& 1200 Ti3SIiC, decomposition was not clearly observed, which
e implies better thermal stability for Sample B incuam at
2 up to 1550°C.
@ 800 A
£
= B A comparison of phase abundances between Sampesl A

400 4 [/ Heating rate =10 Cimin B before and after vacuum annealing is summarized i
200 4/ Table 1. It shows that the consummation of Tidid not
5 ! contribute to the increase of38iC, in Sample A, but did

o son 400 BOA  BO0 4000 1300 1400 increase the amount of3BiC; in Sample_ B In other words,
Time (min) Sample A underwent more decomposition, even thabgh

. . S relative molar fraction of TEBIC, content remained
Fig. 2: Heating protocol for in-situ high-temperagu 58.3+1.19 Mol%.

neutron diffraction experiment.

Figures 4 and 5 show the isothermal phase transéio
1400, 1450, 1500, and 1550 °C for Sample A and $aByp
o i ) respectively. The results show that phase abundeates
Synchrotron radiation diffraction (GI SRD) as a linear function of dwell time (< 200 minuteEhe slope
of TisSiC, regression lines can be treated as the rate for
The diffraction patterns were collected using BIGBI eijther decomposition (negative) or reformation {pes). It
(the synchrotron powder diffractometer) at the Aal&@n s noted that the decomposition rate increases with
Synchrotron Research Program Facility (ANBF), bdia®- temperature.
BL-20B, at the Photon Factory, KEK, Tsukuba, Japgdre
diffractograms were recorded from 3° to 149°dth a step
size of 0.01°. The computer prograIFFRAplusEVA”
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Table 1: Phase abundances before and after vaceatment for samples A and B.

Phase abundance (rel. mol%)

Sample A Sample B
Before After Before After
TisSiC, 58.2+1.48 58.3+1.19 39.3+1.46 48.2+1.22
TiC 34.8+1.40 41.841.41 50.8+1.34 51.8+1.36
TiSi, 7.0+£1.28 0 9.9+1.30 0
80 60
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) g
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Fig. 3: Phase abundance as a function of temperdtuing vacuum annealing for (a) Sample A andS@onple B. Errors
bars indicate two estimated standard deviatiors +2
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Fig. 4: Phase abundance as a function of dwell time at (a) 1400, (b) 1450, (c) 1500, and (d) 1550°C for sample A. Errors
bars indicate two estimated standard deviationrs +2
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For Sample A, the plots show slopes with positigskigs authors (IML). The collection of diffraction data a®
at 1400 and 1450°C and negative at 1500 and 1550°%@nducted at the OPAL research reactor in ANSTOh wit
consistent with reformation and decomposition ofSIC, financial support from AINSE (08/329). The collesti of
occurring at these temperatures, respectively. ssythat SRD data was undertaken on the Australian National
the decomposition of T8iC, commenced at1400°C, the Beamline Facility at the Photon Factory in Japgerated
increased TEBIC, content for Sample B implies that theby the Australian Synchrotron, Victoria, Australi&Ve
reformation and decomposition of;8iC, appeared rapidly acknowledge the Linkage Infrastructure, Equipment a
and that the reaction rate for the decompositiog svaaller. Facilities Program of the Australian Research Cduioc
financial support (proposal number LE0989759) ahd t
High Energy Accelerator Research Organisation (KiK)
Tsukuba, Japan, for operations support.

For Sample B, only the formation ofBiC, was clearly
observed. At 1500 and 1550°C, TiC andSIC, were in an
equilibrium state, no decomposition or reformatioms
observed. The ratio of TiC: JSiC, = ~1:1 may infer that
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