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Abstract
In this paper we describe the use of secondary-ion mass spectrometry (SIMS) and nuclear magnetic resonance (NMR) to detect the existence of amorphous silica in Ti3SiC2 oxidised at 500-1000°C. The formation of an amorphous SiO2 layer and its growth in thickness with
temperature was monitored using dynamic SIMS. A duplex structure with an outer layer of TiO2 and an inner mixture layer of SiO2 and TiO2
was observed. Results of NMR verify for the rst time the direct evidence of amorphous silica formation during the oxidation of Ti3SiC2 at
the temperature range 500-1000qC.
Keywords: SIMS, NMR, Ti3SiC2, Amorphous silica, Oxidation

WYKRYWANIE AMORFICZNEJ KRZEMIONKI W Ti3SiC2 UTLENIANYM W 500–1000°C
W artykule opisano wykorzystanie spektroskopii masowej jonów wtórnych (SIMS) i magnetycznego rezonansu atomowego (NMR) do
wykrywania amorcznej krzemionki w Ti3SiC2 utlenianym w 500–1000°C. Tworzenie si warstwy amorcznej krzemionki i wzrost jej gruboci wraz z temperatur monitorowany by za pomoc dynamicznej metody SIMS. Zaobserwowano budow podwójn warstwy zoon
z warstwy zewntrznej TiO2 i wewntrznej mieszanej warstwy SiO2 i TiO2. Wyniki NMR potwierdzaj po raz pierwszy bezporedni dowód
tworzenia si amorcznej krzemionki podczas utleniania Ti3SiC2 w temperaturach z przedziau 500-1000qC.
Sowa kluczowe: SIMS, NMR, Ti3SiC2, krzemionka amorczna, utlenianie

1. Introduction
Ti3SiC2 is a functional ceramic that exhibits the merits of
both metals and ceramics. Like metals, it is readily machineable, thermally shock resistant, thermally and electrically
conductive, and damage tolerant. Like ceramics, it is lightweight, high-temperature oxidation resistant, and elastically
stiff [1-16]. This unique combination of properties makes
Ti3SiC2 a potential candidate material for high temperature
applications.
To date, the oxidation properties of Ti3SiC2 have been
widely investigated. However, mixed and confusing results
have been reported for the oxidation behaviour of Ti3SiC2
in air. For example, the oxidation resistance of Ti3SiC2 was
reported by Li et al. [12] to be excellent at temperatures below 1100qC due to the formation of a protective SiO2 surface
layer. In addition, although the existence of a protective TiO2
(rutile) has been conrmed by all the researchers [11-14],
the presence of a protective SiO2 lm is much more elusive
[4]. Li et al. [12] also reported the oxidized layers to exhibit a
duplex microstructure in the temperature range 1000-1500qC
with an outer layer of TiO2 (rutile) and an inner mixture layer

of SiO2 and TiO2. In a similar study, Barsoum et al. [10] also
found the protective oxide scales to be layered with an inner
mixture layer of silica (formed at a1200qC) and TiO2, and an
outer layer of pure rutile (formed at a900qC). The growth of
these oxide layers is both temperature and time-dependent
and was thought to occur by the outward diffusion of titanium
and carbon and the inward diffusion of oxygen through
surface pores or cracks. The overall oxidation reaction for
Ti3SiC2 can be described as [12].
However, the nature and precise composition of the oxide
layers formed during oxidation remain controversial, especially in relation to the presence of SiO2 and the graded nature
of the oxides formed. Although the existence of crystalline
SiO2 (cristobalite) during Ti3SiC2 oxidation at temperatures
above 1200qC has been conrmed [11-14], the form or the
nature of silica formed below 1200qC is still unknown. Based
on transmission electron microscopy (TEM) observations,
Chen et al. [13] reported the oxide layer formed to contain
a mixture of amorphous SiO2 and crystalline rutile at the very
early stages of oxidation. Similarly, Zhang and co-workers
[14] reported the existence of amorphous SiO2 that sealed the
cracks formed in the oxide layers. With the aid of TEM, Low
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et al. [15-16] also reported the existence of amorphous silica
during the oxidation of Ti3SiC2. According to Barsoum and
El-Raghy [17], the oxide layers formed during low temperature oxidation consist of rutile and amorphous silica, but at
temperatures greater than 1240°C, cristobalite formed. The
presence of amorphous silica was also predicted by Okano
et al. [18] to exist during the oxidation of Ti3SiC2.
In this paper, we describe the use of secondary-ion
mass spectrometry (SIMS) to characterise the formation of
amorphous silica during oxidation of Ti3SiC2 over the temperature range 500-1000°C. We verify the existence of the
elusive amorphous SiO2 with the aid of 29Si nuclear magnetic
resonance (NMR).

2. Experimental procedure
Maxthal® Ti3SiC2, supplied by Kanthal AB, was used in
this study. For SIMS analysis, thin slices of ~3 mm thick were
cut from the as-received Ti3SiC2 sample. One of these slices
was used as a control and 6 slices were each oxidized in
an air-ventilated furnace for 20 min at 500, 600, 700, 900,
and 1000qC, respectively. The Ti3SiC2 sample was also ringmilled to obtain ne Ti3SiC2 powder for 29Si NMR analysis.
The powdered samples were then divided into 6 batches
where each batch was oxidized in an air-ventilated furnace
for 20 min at 500, 600, 700, 900, and 1000qC, respectively.
The near-surface compositions of the oxidized samples
were analysed using a Cameca Ims-5f SIMS through the
elemental monitoring of Ti, C, Si, O and TiC. A 5.5 keV impactenergy Cs+ ion beam was employed. Typical beam currents
ranged from 50 to 150 nA and the beam was scanned across
areas of 250 × 250 m2. Oxidised samples were gold-coated
prior to SIMS analysis. To optimize depth proling, the intensity
in all mass channels were rst normalised to Cs+ secondary
ion count rates to minimise any ion yield related matrix effects,
and to reduce any effect of variation in the primary ion beam
current. The sputtering times were assumed to be directly proportional to the sputtered depth. With the aid of profoliometry,
a constant conversion factor of 7.87 m/s was determined and
used to change the sputtering time to the sputtered depth.
High resolution solid state 29Si magic-angle-spinning
(MAS) nuclear magnetic resonance (NMR) spectra were
acquired at ambient temperatures using an MSL-400 NMR
spectrometer (Bo = 9.4 T) operating at the 29Si frequency
of 79.48 MHz. Data of 29Si MAS NMR were acquired using a Bruker 7-mm double-air-bearing probe with single
pulse (Bloch decay) methods which utilised high-power 1H
decoupling during data acquisition. The MAS frequencies
implemented for these measurements were a5 kHz. For
these 29Si MAS single pulse/ high-power 1H decoupling
measurements, a single 29Si /4 pulse width of 2.5 s and
a pre-acquisition delay of 10 s were used in conjunction
with recycle delays of 30–60 s for quantitative 29Si speciation analysis. All 29Si MAS chemical shifts were externally
referenced to tetramethylsilane (TMS) at G = 0 ppm via a high
purity sample of kaolinite.

3. Results and discussion
Fig. 1 shows the variation of specific ion yields as
a function of sputtering depth for the control sample and the
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corresponding oxidized Ti3SiC2 at various temperatures. As
would be expected, the composition within the control sample
before oxidation was uniform as indicated by the at curves
of the Ti, Si and C ions.
Based on the results reported in the literatures [1-14] that
a duplex structure with an outer layer of TiO2 and an inner
mixture layer of SiO2 and TiO2 formed during oxidization of
Ti3SiC2, the crossover point of 28Si and 16O shown in Fig. 1
can be assumed to be the boundary between the TiO2 outer
layer and inner mixture layer of SiO2/TiO2. Based on the
results of synchrotron radiation diffraction (Fig. 2), the TiO2
formed at 500°C is anatase and its abundance increases only
moderately at up to 800°C before it disappears completely.
At 600°C, rutile also appears and its abudance increases
rapidly with a further increase in temperature. No crystalline
SiO2 was detected at between 500-1000°C.
Compared to the control sample, the oxidized Ti3SiC2,
samples show a relatively high count of 16O. This indicates
the diffusion of oxygen into the sample at the near-surface
and the subsequent oxidation at temperatures above 500qC.
The elemental mass transportation and the thickening process of oxide scales formed are depicted by the SIMS depth
proles for oxidized Ti3SiC2. As Ti3SiC2 is oxidized at 500qC,
an outer layer of TiO2 (~0.21 m thick) forms at the surface.
At the same time, an inner mixture layer of TiO2 and SiO2 also
forms. As the temperature increases from 600 to 1000qC, the
TiO2 layer dramatically grows to 2.81 m thick. This suggests
that the growth of oxide layer occurs by the outward diffusion of Ti and the inward diffusion of O via surface pores or
cracks [19]. The thickness of the measured outer TiO2 layer
as a function of temperature is summarised in Table 1.
Table 1. Variation of TiO2 layer thickness as a function of temperature.
Temperature [°C]

500

600

700

900

1000

Thickness [m]

0.21

0.80

1.00

1.67

2.81

From the SIMS results, it is also evident that the intensity
of Si increases with an increase in sputtering time or depth
which indicates the existence of an inner Si-rich region during
the oxidation of Ti3SiC2 (Fig. 1). The Si-rich region implies
the existence of inner mixture layer of TiO2 and silica. As
previously mentioned, results from synchrotron radiation diffraction showed no presence of crystalline silica in oxidized
Ti3SiC2 at 500-1000qC (Fig. 2). This suggests that the silica
formed in this temperature range is glassy or amorphous
which concurs with the predictions previously made by other
researchers [17-18].
In order to verify the claimed existence of amorphous
SiO2, 29Si MAS NMR was employed to ascertain the bonding
nature of the silica formed during oxidation of Ti3SiC2 at 500,
600, 700, 900, and 1000qC (Fig. 3). As to be expected and in
the absence of oxidation, the NMR spectrum (not shown) of
as-received Ti3SiC2 showed no silica signal. This is expected
because the strongly paramagnetic Ti3+ centres will lead to
profound broadening resulting in the parent structure beyond
observation. In contrast, the 29Si spectra of the oxidised samples show only the semi-condensed/condensed silica phase
that has separated from the parent Ti3SiC2 upon oxidation.
It is worth-noting here that the Ti3SiC2 29Si resonance(s)
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Fig. 1. SIMS depth proles of a) control sample, and oxidized Ti3SiC2 at: b) 500 C, c) 600 C, d) 700 C, e) 900 oC, and f) 1000 oC.

would appear much closer to 0 ppm (i.e. further downeld)
than that observed from the silica phase at ~-112 ppm [20].
The spectrum of Q2 represents the structures with chains
of tetrahedral, Q3 are sheet silicates and Q4 are framework
silicates. The observed NMR chemical shift peaks are what
is expected for amorphous condensed Q4 silica. It is thus
evident that the results of 29Si MAS NMR shown in Fig. 3 provide conrmation of the existence of amorphous silica during
the oxidation of Ti3SiC2 at d 1000qC. The implication of this
evidence is wide-ranging for the oxidation of MAX phases.
It can be postulated that similar amorphous phases (e.g.
Al2O3, GeO2, SnO2, etc.) are likely to exist during oxidation of
other ternary carbides such as Ti3AlC2, Ti3GeC2, and Ti2SnC.

4. Conclusions
The composition depth proles and the growth of oxide
layers formed during oxidation of Ti3SiC2 in the temperature range 500-1000qC have been characterised by dynamic

Fig. 2. Synchrotron radiation diffraction patterns for oxidized Ti3SiC2
at 500-1000 oC.

MATERIA£Y CERAMICZNE /CERAMIC MATERIALS/, 62, 3, (2010)

237

W.K. PANG, I.M. LOW, J.V. HANNA

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
Fig. 3. 29Si MAS NMR spectra of oxidized Ti3SiC2 at 500 oC, 600 oC,
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SIMS. A duplex structure with an outer layer of TiO2 and an
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[15]

[16]

Acknowledgements
[17]

This work formed part of a much broader project on the
thermal stability of ternary carbides which is funded by an
ARC Discovery-Project grant (DP0664586) and an ARC
Linkage-International grant (LX0774743) for one of us (IML).
The collection of NMR data was conducted at ANSTO with
nancial support from AINSE (08/041). We thank Dr. K.E.
Prince and Mr. A. Atanacio of ANSTO for assistance in the
collection of SIMS data. The collection of SRD data was
undertaken on the Australian National Beamline Facility at
the Photon Factory in Japan, operated by the Australian
Synchrotron, Victoria, Australia. We acknowledge the
Linkage Infrastructure, Equipment and Facilities Program of
the Australian Research Council for nancial support (proposal number LE0989759) and the High Energy Accelerator
Research Organisation (KEK) in Tsukuba, Japan, for operations support.

References
[1]

[2]

[3]

238

Barsoum M.W., El-Raghy T.: „Synthesis and characterization
of a remarkable ceramic: Ti3SiC2”, J. Am. Ceram. Soc., 79, 7,
(1996), 1953-56.
Kisi E.H., Crossley J.A.A., Myhra S., Barsoum M.W.: „Structure
and crystal chemistry of Ti3SiC2”, J. Phys. Chem. Solids, 59,
9, (1998), 1437-1443.
Wu E., Kisi E.H., Kennedy S.J., Studer A.J.: „In-situ neutron
powder diffraction study of Ti3SiC2 synthesis”, J. Am. Ceram.
Soc., 84, 10, (2001), 2281-88.

MATERIA£Y CERAMICZNE /CERAMIC MATERIALS/, 62, 3, (2010)

[18]
[19]

[20]

Gao N.F., Miyamoto Y., Zhang D.: „On physical and thermochemical properties of high-purity Ti3SiC2”, Mater. Lett., 55,
1, (2002), 61-66.
Li H., Peng L.M., Gong M., Zhao J.H., He L.H., Guo C.Y.:
„Preparation and characterization of Ti3SiC2 powders”: Ceram.
Int., 30, 8, (2004), 2289-2294.
Cardoba J.M., Sayagues M.J., Alcala M.D., Gotor F.J.:
“Synthesis of Ti3SiC2 powders: reaction mechanism”, J. Am.
Ceram. Soc., 90, 3, (2007), 825-830.
Radhakrishnan R., Williams J.J., Akinc M.: „Synthesis and high-temperature stability of Ti3SiC2”, J. Alloys and Compounds,
285, 1, (1999), 85-88.
Barsoum M.W.: „The Mn+1AXn phases: A new class of solids;
Thermodynamically stable nanolaminates”, Prog. Solid St.
Chem., 28, 1, (2000), 201-281.
Palmquist J.-P., Li S., Persson P.O.Å., Emmerlich J.,
Wilhelmsson O., Högberg H., Katsnelson M.I., Johansson
B., Ahuja R., Eriksson O., Hultman L., Jansson U.: „Mn+1AXn
phases in the Ti-Si-C system studied by thin-lm synthesis
and ab-initio calculations”, Phys. Rev. B 70, 165401 (2004).
Barsoum M.W., Brodkin D., El-Raghy T.: „Layered machinable ceramics for high temperature applications”, Scr. Mater.,
36, 5, (1997), 535-541.
Racault C., Langlais F., Naslain R.: „Solid-state synthesis and
characterization of the ternary phase Ti3SiC2”, J. Mater. Sci.,
29, 15, (1994), 3384-3392.
Li S.B., Cheng L.F., Zhang L.T.: „The morphology of oxides
and oxidation behaviour of Ti3SiC2-based composite at high-temperature”, Compos. Sci. Tech., 63, 6, (2003), 813-19.
Zhang H.B., Zhou Y.C., Ban Y.W., Wang J.Y.: „Oxidation behaviour of bulk Ti3SiC2 at intermediate temperature in dry air,”
J. Mater. Res., 21, 2, (2006), 402-408.
Chen T., Green P.M., Jordan J.L., Hampikian J.M., Thadhani
N.N.: „Oxidation of Ti3SiC2 composites in air,” Metallurgical
and Mater. Trans. A: Phys. Metall. & Mater. Sci., 33, 6, (2002),
1737-42.
Low I.M., Wren E., Prince K.E., Atanacio A.: „Characterisation
of phase relations and properties in air-oxidised Ti3SiC2”, Mater.
Sci. & Eng. A, 466, 1, (2007), 140-47.
Oo Z., Low I.M., O’Connor B.H.: „Dynamic study of the thermal stability of impure Ti3SiC2 in argon and in air by neutron
diffraction”, Physica B, 385, 1, (2006), 449-501.
Barsoum M.W., El-Raghy T.: „Oxidation of Ti3SiC2 in air”, J.
Electrochem. Soc., 144, 7, (1997), 2508-16.
Okano T., Yano T., Iseki T.: „Synthesis and mechanical properties of Ti3SiC2,” Trans. Met. Soc. Jpn. 14A, (1993), 597.
Pang W.K., Low I.M., Prince K.E., Atanacio A. J.: „Mapping of
elemental composition in air-oxidized Ti3SiC2”, J. Aust. Ceram.
Soc., 44, 2, (2008), 52-55.
Oestrike R., Yang W., Kirkpatrick R.J., Hervig R.L., Navrotsky
A., Montez B.: „High-resolution 23Na, 27Al and 29Si NMR
spectroscopy of framework aluminosilicate glasses”, Geochim.
Cosmochim. Acta, 51, 8, (1987), 2199-2209.

i
Received 16 April 2010; accepted 5 May 2010

