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The oxidation behaviours and electrical properties of 5 at% Ta doped TisSiC, solid solution have been
investigated at 800 °C in air for up to 500 h. The oxidation kinetics of (TiggsTag.0s)3SiC, follows
a parabolic law. The oxidation rate constant is 7.33 x 107 g2 cm™ s~ which is lower than those of
TizSiC,, (Tig.gsNbg s)sSIC, and Crofer 22 APU. Ta doped r-TiO, formed (TipgsTag 05)3SiC, during the
oxidation process. Ta doping can limit the outward diffusion of Ti by decreasing the native Ti interstitials
concentration and simultaneously restraining the inward diffusion of oxygen by decreasing the O
vacancy concentration. As a result, the oxidation resistance is significantly improved and the oxide scale
structure of TizSiC, changes from a double-layer to a monolithic layer. The ASR of (TipgsTag.05)35i1Co
after oxidation at 800 °C in air for 500 h is 29.5 mQ cm?, which is much lower than that of TisSiC,. Ta
doping can increase the electron concentration in r-TiO, and thereby increase the electrical conductivity
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1. Introduction

Due to concerns relating to the energy crisis and environmental
deterioration, solid oxide fuel cells (SOFC), as one of the
promising clean energy technologies, have drawn much atten-
tion. SOFC possesses many advantages, such as high efficiency,
fuel flexibility, and low contribution towards pollution. It is an
electrochemical device which generates electricity and heat
from fuel and produces chemical energy without combustion.™*
For SOFC commercialization, interconnects are an essential
part. Interconnects are used to build up multiple cell-stacks
from the single cell. It plays two roles: (1) acts as the physical
separator of fuels in the anode cavity and air or oxygen in the
cathode cavity; (2) acts as the bipolar plate electrically con-
necting adjacent cells in series.* The requirements for inter-
connect materials are strict and include the following: good
electrical conductivity; good oxidation, corrosion, and carburi-
zation resistance; adequate stability in terms of dimension,
microstructure, chemistry and phase at operating temperature
in oxidizing and reduction environments; gas tightness;
appropriate thermal expansion coefficient, and no reaction and
inter-diffusion with adjacent components.>* Over the past
decades, LaCrO; and doped LaCrO; have been widely studied as
interconnects for SOFC. However, there are many native defects,
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of r-TiO,. Therefore, the ASR of (Tig 95Tag 05)3SiC, after oxidation is lower compared to that of TizSiC,.

which hinder its extensive development, such as difficulty in
sintering and machining of compact chromite parts and high
manufacturing costs.”> As the working temperature of SOFC
decreases to intermediate temperature (600-800 °C),*” metal
becomes the main material used as the interconnect. Metallic
interconnects have many advantages, such as high electrical
and thermal conductivity, low cost, easy manufacture and good
workability.*® However, all metallic interconnects have the
“chromium oxide poison” problem. The main oxide formed on
the metallic interconnect is Cr,03. Cr species evaporation can
poison the cathode and the cathode/electrolyte interface and
result in the degradation of performance of SOFC." Also, the
stepwise increase in area specific resistance (ASR) of surface
scale hinders the development of metallic interconnects. To
overcome these problems, various new kinds of alloys**° and
coatings®*® have been explored. However, these issues have not
been completely resolved. Therefore, more efforts are needed to
develop a novel Cr-free interconnect material. It should possess
good oxidation resistance as well as post-oxidation superficial
electrical conductivity.

MAX phases are a group of layered ternary compounds,
marked as M,,;AX,, (M: early transition metal, A: IIIA or IVA
element, X: C and/or N). They have attracted significant atten-
tion due to the merits of both ceramics and metals. Ti;SiC,, one
of the most typical MAXs, possesses unique properties, such as
low density, high modulus and fracture toughness, high elec-
trical and thermal conductivity, easy machinability, good
resistance to oxidation and thermal shock below 1100 °C.>*?*°
However, the oxidation resistance of pure Ti3SiC, at a working
temperature cannot satisfy the requirements of interconnects.

This journal is © The Royal Society of Chemistry 2017
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One of the most effective methods to improve the oxidation
resistance of Ti;SiC, is the substitution of a transition metal
element for Ti. For example, our previous works**> show that
the Nb doped Ti;SiC, solid solutions significantly improve the
oxidation resistance of TizSiC,. What's more, these solutions
possess better oxidation resistance and lower ASR than two
typical metallic interconnects, Crofer 22APU and E-brite.
(Ti; _,Nb,)3SiC, is a great potential material in the application
as an interconnect for IT-SOFC. After Nb doping, the oxidation
rate of (Ti,Nb);SiC, decreases remarkably. The reduction
concentration of oxygen vacancies and titanium interstitials in
rutile TiO, (r-TiO,) by Nb doping is the main reason. Interest-
ingly, the post-oxidation ASR of (Ti,Nb);SiC, is also decreased
greatly.>

As in the same transition element group with Nb, Ta ion also
possesses penta-valence after ionization. The ionic radium for
Ti**, Nb°*, and Ta®" is 0.068 nm, 0.069 nm, and 0.070 nm,
respectively. The ionic radium difference of Ta with Ti is larger
than that of Nb with Ti. It is reasonable to believe that Ta doped
Ti;SiC, may exhibit more suitable performance than Nb doped
any other metallic interconnect. In this paper, the Ta doped
TizSiC, solution is successfully synthesized, and the oxidation
behaviours and electrical property of this solid solution are
investigated at 800 °C in air up to 500 h. We aim to not only
explore a novel and promising interconnects for SOFC, but also
study the effect mechanism of Ta on the oxidation behaviours
and electrical property of TizSiC,.

2. Experimental

5 at% Ta doped Ti;SiC, bulk material was fabricated by in situ
solid-liquid reaction/hot pressing process. The raw powders of
titanium, tantalum, silicon and graphite were selected at
a molar ratio of 2.85: 0.15 : 1 : 2. The final solid solution was
denoted as (Tip.95Ta0.05)3S1C, according to the nominal appor-
tions of the raw powders. To avoid the appearance of a second
phase of TiC, a little Al powder was also added to the raw
powders. All raw powders were mixed and milled in a poly-
propylene jar for 24 h. After ball milling, the powders were cool
pressed uniaxially under 5 MPa in a graphite die with a diameter
of 50 mm. The in situ reaction/hot press sintering was carried
out at 1580 °C under a pressure of 30 MPa for 1 h in flowing Ar
atmosphere. The predominant phase for the as-synthesized
solid solution was Ti;SiC,, and small quantities of (Ti,Ta)Si,
and (Ti,Ta)sSi, impurities also appeared. Compared to that of
pure Ti3SiC,, the peak corresponding to the (101) lattice plane
of (Tiy.95Ta0.05)351C, shifted to a lower angle (about 0.036°). It
revealed that the rutile lattice parameter corresponding to (101)
plane had increased. The EDS surface scanning on the
(Tip.05Ta0.05)3S1C, crystal grain (not shown here for abbrevia-
tion) showed that Ta was in the grain, and the atomic ratio of
Ta/(Ti + Ta) was about 5%. From the above results, it was
deduced that Ta had been doped into Ti,;SiC, lattice, and the
lattice parameter of Ti;SiC, had been changed because Ta had
a larger radius than Ti. The density of the solid solution was
determined by the Archimedes method in which three parallel
samples were tested to acquire the mean value. The density of
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this solid solution was 4.92 + 0.02 g cm >
density was ~99.2%.

For oxidation tests, 10 x 10 X 2 mm square coupons were
cut from the as-synthesized bulk by the electrical discharge
method. Prior to oxidation, the surfaces of the samples were
grounded down to 2000 SiC paper, chamfered, polished using
1 um diamond paste, and then degreased in ethanol and
distilled water.

, and the relative

Oxidation tests were carried out in a tube furnace at 800 °C in
air for up to 500 h. In the whole oxidation period, the step
sequence was as follows: (1) the samples were heated up to
800 °C with furnace heating; (2) after every 100 h of isothermal
oxidation at 800 °C, the samples were cooled down rapidly to
room temperature in air; (3) the samples were weighed using
a microbalance with an accuracy of 1 x 10> g; (4) the samples
were then put into the hot furnace again.

The oxidation products were identified by X-ray diffraction
(XRD) in a D/max -2500PC diffractometer (Rigaku, Tokyo,
Japan) with Cu Ko radiation. The morphologies of the surface
and the cross-section of the oxide scale formed on the matrix
were observed by the SUPRA35 scanning electron microscope
(SEM, LEO, Oberkochen, Germany). This SEM is equipped
with an energy-dispersive spectroscopy (EDS, INCA, Oxford
Instrument, Oxford, U.K.) system. Before SEM examination,
a thin layer of Au was evaporated on the surface of the oxidized
sample.

The electrical conductivity of (Tiy.05Ta0.05)35iC, after oxida-
tion was determined by the 2-probe 4-point method in static air.
The ASR was adopted to evaluate the electrical property of the
oxidized coupons. ASR can reflect the integrated effect of both
electrical resistivity and thickness of the oxide scale. To ensure
the tight surface contact, Pt mesh was used, and Pt-paste was
applied as a high temperature conductive adhesive. A constant
current with 10 mA was supplied by the Precision Program-
mable Current Source (YL4012), and the corresponding voltage
drop was recorded continuously by the FLUKE 8845A 6-1/2 Digit
Programmable Multimeter.

3. Results and discussion
3.1 Oxidation behaviour

3.1.1 Oxidation kinetics. Fig. 1(a) shows the mass gains per
unit area vs. time of (Tip.05Ta0.05)3SiC, after oxidation at 800 °C
in air for 500 h. For comparison, the oxidation kinetics of
(Tig.05NDby.05)3SiC, and Crofer 22 APU*® oxidized under the same
condition are also shown. It can be seen that the mass gain of
(Tip.05T0.05)3SiC, increases continuously during the whole
oxidation process, suggesting that no spallation happens. This
is in accordance with results that show no weight increase for
the quartz boat where the samples are hung during oxidation
procedure. Compared with (TiyosNbg 0s5)3SiC, and Crofer 22
APU, the weight gain of (Tij95Ta0.05)35iC, is lower. The Ta
doped Ti;SiC, possesses better oxidation resistance than Nb
doped Ti;SiC, and the metallic interconnect of Crofer 22 APU.
As Ta radius is larger than the Nb radius, substituting Ti in the
place of Ta in the rutile lattice may result in larger lattice
distortions. Then the transportation of ions through the Ta

RSC Adv., 2017, 7, 42350-42356 | 42351
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Fig. 1 Weight gain per unit area vs. time (a) and square of weight gain
per unit area vs. time (b) of (Tig.95Ta.05)3SiC>, (Tig.95Nbg 05)3SIC, and
Crofer 22 APU at 800 °C in air.

doped rutile crystal will be slower than that through the Nb
doped one. Therefore, the oxidation resistance of Ta doped
Ti3SiC, is better than the Nb doped one; this will be further
studied in the future. Fig. 1(b) presents the square of mass gain
per unit vs. oxidation time of (Tiy5T2.05)3SiC, for the oxidation
at 800 °C. The nearly linear regular pattern reveals that the
oxidation kinetics of (Tio5Ta9,05)35iC, obeys a parabolic law as
the formula (1) shows:

(Aw/A)* = kot (1)

where, kj, is the oxidation rate constant, Aw is the mass gain of
the sample, A is the area of the oxidized sample, and ¢ is the
oxidation time. As the oxidation kinetics of (Tig.95Ta0.05)351C»
follows a parabolic law, it can be inferred that the oxidation
process of (Tig.95Ta0.05)3SiC, is controlled by the diffusion of
ions through the formed oxide scale, which is the same as
(Tip.05Nby.05)3SiC, and Crofer 22 APU. By fitting the oxidation
kinetics, the oxidation rate constant of (Tip.95Ta0.05)3SiC, was
determined as 7.33 x 107** ¢> em™* s~'. For comparison the
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oxidation rate constants of (Tig.o5Ta.05)35i1Cs, (Tip.05NDg.05)3-
SiC,, TizSiC, and Crofer 22 APU are also summarized in
Table 1.

From Table 1, it can be seen that after Ta doping, the
oxidation resistance of Ti3;SiC, is improved. And its oxidation
rate constant is decreased by approximate one order of
magnitude than that of Ti;SiC,. Compared with Nb doping, Ta
doping exhibits a better effect on improving the oxidation
resistance of Ti;SiC,.

3.1.2 Phase composition and morphology of the oxide
production. Fig. 2 shows the XRD patterns of the oxide
production formed on the (Tij.5Tag.05)3SiC, after oxidation. It
can be seen that the main oxide scale is r-TiO, with little of
AL, O;. It needs to be noted that the XRD peaks originated from
the substrate, while TizSiC, is the main phase with some (Ti,Ta)
Si, and (Ti,Ta)sSi, impurities. This shows that the formed oxide
scale is very thin and leads to the appearance of matrix phases.
At the same time, the Pt is detected by XRD. This Pt comes from
the Pt paste which is brushed on the sample surface as
conductive adhesive. As there is no Ta oxide formed in the oxide
scale, it is deduced that Ta has doped into the TiO, lattice.
Fig. 2(b) exhibits the fine structure of the (110) peak of r-TiO,
formed on (Tig.05Ta0.05)3SiC, and TizSiC, oxidized under the
same conditions. It can be clearly seen that compared with r-
TiO, on Ti3SiC,, the (110) peak of r-TiO, formed on (Tijos-
Tag,05)351C, shifts to lower angles, which indicates that Ta has
doped into the r-TiO, lattice and induces rutile crystal lattice
distortions.

Fig. 3 exhibits the surface morphologies of (Tiy.95Ta0.05)3S1C»
after oxidation. The contour of the substrate is clearly visible,
which indicates that the oxide scale is very thin. This is in
accordance with the XRD results. Meanwhile, some abnormal
areas exist on the surface marked in the rectangular portion in
Fig. 3. It is the oxide scale formed on (Ti,Ta)Si, and (Ti,Ta)sSi,
identified by EDS (the EDS results are not shown here for
abbreviate). These impurities possess different oxidation rates
from that of the matrix phase, leading to the rough surface on
the oxidized sample.

Fig. 4 illustrates the cross-section morphology of the oxide
scales formed on (Tigo5Ta.05)35iC, and corresponding with
EDS elements line-scanning profiles along the red line. It clearly
shows that the oxide scale formed on (Tigo5Tag.05)3SiCy is
a monolithic layer, and the thickness is approximate 3 pm. No
void or local spallation is found at the oxide/substrate interface,
implying good adherence between the oxide monolithic layer
and the substrate. The samples have experienced five thermal

Table 1 The oxidation rate constants of (TiggsTag 05)35iCs, TizSiCo,
(Tip.05Nbg 05)3SIiC, and Crofer 22 APU at 800 °C in air

Mass gain after

Material 500 h oxidation (g cm?) ky (g2 em™s7Y)
Ti;SiC, 1.01 5.64 x 1073
(Tig.05T20.05)3S1Cs 0.38 7.33 x 10 ™
(Tig.05Nbyg.05)3SiC, 0.41 9.18 x 10~ ™
Crofer 22 APU 0.56 1.71 x 107 %

This journal is © The Royal Society of Chemistry 2017
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Fig.2 XRD pattern of (Tig g5Tag.0s5)3SiC, after oxidation at 800 °C in air
for 500 hours; the inserted figure is comparison of (101) peak position
of r-TiO, formed on (Tig.95Tag.05)3SIC, and TizSiC, after oxidation at
800 °C in air for 500 hours.

cycles from room temperature to 800 °C in air. The fine interface
can avoid electron scattering and allows for electron trans-
portation through the interface. From the EDS line scanning, it
can be known that the monolithic oxide layer is rich in Ti, Si, O
and shows traces of Ta. Because the content is negligible, Al is
not detected. Ti and Ta elements are distributed uniformly in
the oxide layer. For Si, however, a higher content is found near
the substrate than near the outer surface of the oxide layer.
While a notable amount of Si element is detected in the oxide
layer, no Si-containing oxide is identified by XRD. Therefore, it
can be deduced that SiO, exists in an amorphous form in the
oxide layer. The formation of amorphous SiO, has also been
found during the oxidation of Ti;SiC,,* " TisSi;,*® MoSi,,* and
SizN,.*° Therefore, it can be concluded that the single oxide
layer consists of a mixture of Ta doped r-TiO,, amorphous SiO,
and a little of Al,O;. The previous works*! present that the oxide
scale formed on Ti;SiC, is composed of a double-layer and the

Fig. 3 Surface morphology of (TigosTag0s)3SIiC, after oxidation at
800 °C in air for 500 hours.
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Fig. 4 Cross-section morphology and EDS line scanning taken across
the oxide scale formed on (Tip g5Ta 05)3SiC; after oxidation at 800 °C
in air for 500 hours.

thickness of the oxide layers is about 7 um. The above results
reveal that like Nb, Ta addition can also enhance the oxidation
resistance of Ti;SiC, and change the oxide layer structure from
a duplex-layer to a monolithic layer structure. In addition, it is
found that the morphology of plate-like grain in the matrix is
clearly visible, which reveals that the (Tiy.05Ta0.05)3SiC, structure
is stable without phase and grain morphology change.

3.2 Electrical conductivity

The electrical conductivity of the interconnect under the SOFC
atmosphere is significant, because the interconnect electrically
connects adjacent cells. Like metallic interconnects,
(Tig.05Nbg 05)3SiC, and TizSiC,, the substrates of (Tiy.95Ta0.05)3SiC,
ceramics, have much higher electrical conductivity than its cor-
responding oxide scales even at 800 °C.** Therefore, the electrical
resistance of (Tip o5T20.05)35iC, after oxidation is mainly contrib-
uted from the oxide scale formed on the surface. Fig. 5 presents
the ASR of (Tig05Tag.05)3SiC, after oxidation at 800 °C in air for
500 h. For comparison, the results for (Tiy.95Nby 05)3SiC,, Ebrite
and Crofer 22 APU* are also presented. It can be seen that the

RSC Adv., 2017, 7, 42350-42356 | 42353
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Fig. 5 Temperature dependencies of ASR of (TiggsTap.0s)3SiCo,
(Tip.95Nbg 05)3SiCy, Ebrite, and Crofer 22 APU after oxidation at 800 °C
in air.

curve for (Tip95Ta9.05)35iC; is in agreement with a line law, and
the slope of the curve changes at 700 °C. When the temperature is
higher than 600 °C and 650 °C, the ASR of (Tij5T.05)3SiC; is
larger than that of Ebrite and Crofer 22 APU, respectively. The
main oxide formed on Crofer 22 APU is Cr,0O;. As the electrical
resistance vs. temperature of Cr,O; nearly obeys the line law, it is
deduced that the ASR of (Tipos5Ta0,05)35iC, after oxidation is
smaller than that of Ebrite and Crofer 22 APU below 600 °C and
650 °C, respectively. It is suggested that the electrical conductivity
of (Tip.05T20,05)351C, as an interconnect is better than Ebrite and
Crofer 22 APU when SOFC service temperature is lower than
600 °C and 650 °C, respectively. The ASR of (Ti¢ 5Tag.05)3SIC, is
larger than that of (Tiy.95Nby 05)3SiC, in the temperature range of
500-800 °C. The Ta doping effect on reducing ASR for the oxide
scale is not as good as that of Nb. It may be caused by the higher
electrical resistance of Ta doped TiO, than that of the Nb doped
one.” The ASR of (Tiy 95Ta0,05)351C, at 800 °C after oxidation at the
same temperature in air for 500 h is 29.5 mQ ecm?, which is lower
than that of Ti;SiC, (85.0 mQ cm?) treated under the same
conditions for 20 h. This suggests that Ta addition greatly
improved the electrical conductivity of post-oxidized TizSiC,.

3.3 Mechanism of Ta doping effect

From the previous results, it is known that after Ta doping, the
oxidation resistance of Ti;SiC, is enhanced and becomes even
better than that of Nb. Furthermore, after Ta doping, the oxide
scale layer of Ti;SiC, is changed from a duplex-layer to
a monolithic layer of Ta doped r-TiO,, amorphous SiO, and
a small amount of Al,Os;.

The oxygen diffusion coefficient of TiO, and the electronic
conductivity of TiO, are much higher than those of SiO,. The
oxidation of (Tiy 05Ta.05)3SiC, is controlled by the diffusion of
ions though the oxide scale. The ion diffusion through the oxide
scale, especially through the lattice of TiO,, is the control step.
For the electrical conductivity of the oxidized (Tig.95T2¢.05)35iCs,
the ASR depends on the formed oxide scale (r-TiO, and amor-
phous SiO,), which especially depends on the electron diffusion
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through the r-TiO,. Therefore, it is deduced that Ta addition
increases the oxidation resistance and the electrical conduc-
tivity of Ti;SiC, after oxidation, mainly by affecting the trans-
mission of ions and electrons through r-TiO,.

TiO, is an n-type semiconductor and oxygen vacancies, tri-
and quadri-valent Ti interstitials exist as native defects. When
penta-valent Ta ions are doped into r-TiO, lattice, the donation
energy level of Ta produces an energy band. According to the
defect chemistry theory, the following defect chemistry reaction
will be proposed in an air atmosphere**™** (expressed as Kroger
and Vink's defect symbols***"):

2Ta,05 <% 4Ta, + 1007 + V! (2)

This means that after Ta is doped into the r-TiO, lattice, the
vacancy of Ti is produced. As there are oxygen vacancies, tri- and
quadri-valent Ti interstitials in the r-TiO, lattice, after the
vacancy of Ti is generated, the following equilibrium will take
place:

qull + TiTi4Jr «> TiTi (3)

Vi 42V < nil (4)

Furthermore, the following reaction will happen after reac-
tion (4):

05— Vg +2¢ +1/20, (5)

The equilibrium constant of reaction (5) can be expressed as:
K = [Vg]n*Po,'? (6)

where, K is the balance constant, n denotes the concentration of
semi-free electrons, the brackets [] denote the concentration of
defects in site, and Pg, is the pressure of oxygen.

The above equilibriums (3) and (4) mean that after vacancy
of Ti is produced, the Ti interstitial and oxygen vacancy will
react with the vacancy of Ti. This will lead to a decrease in the
concentration of Ti interstitial as well as oxygen vacancy in
r-TiO,. Therefore, it is deduced that Ta doping decreases the
outward diffusion of Ti by decreasing the concentration of
native Ti interstitials and simultaneously restraining the
inward diffusion of oxygen by decreasing the concentration of
O vacancies. As a result, after Ta doping in Ti;SiC,, the
oxidation resistance of Ti;SiC, enhances remarkably, the
oxidation rate constant decreases about one order of magni-
tude, and the oxide structure changes from a duplex-layer to
a single mixture layer.

At the same time, when reaction (4) happens, the V,
decreases. Then, according to equilibrium (6), the electron
concentration of “n” in r-TiO, correspondingly increases. This
means that the electrical conductivity of the Ta doped TiO, will
increase. This can be the main reason for the lower ASR of
(Tip.05Ta0.05)3SiC, after oxidation compared to that of the un-
doped Ti;SiC,.

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

The oxidation behaviours and electrical property of 5 at% Ta
doped Ti;SiC, solid solution has been investigated at 800 °C in
air up to 500 h. The following conclusions are drawn:

(1) The oxidation kinetics of (Tiy.05Ta0,05)3SiC, follows parabolic
law, and the oxidation rate constant is 7.33 x 10~ ** g> em™* s,
which is lower than that of TizSiC,, (Tij.05Nby 05)3SiC, and Crofer
22 APU.

(2) The ASR of (Tiy.95Ta.05)3SiC, at 800 °C after oxidation at
800 °C in air for 500 h is 29.5 mQ cm?, which is much lower than
that of Ti;SiC,. Ta addition greatly improved the electrical
conductivity of TizSiC, after oxidation. The ASR of
(Tip.05TQ0.05)3S1C, will be smaller than that of Ebrite and Crofer
22 APU when the temperature is lower than 600 °C and 650 °C,
respectively.

(3) Ta doping can decrease the outward diffusion of Ti by
decreasing the concentration of native Ti interstitials. Mean-
while, this restrains the inward diffusion of oxygen by
decreasing the concentration of O vacancies. This results in the
enhanced oxidation resistance of Ti;SiC, and the changed oxide
layer structure from a double-layer to a single mixture layer.

(4) The increased concentration of electrons in r-TiO, by Ta
doping results in increased electrical conductivity of the -TiO,.
This is the main reason for the lower ASR of (Tiy.95T¢.05)3SiC,
after oxidation compared to that of Ti;SiC,.
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