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Abstract: The effects of adding Cr and Al on the oxidation
behavior of a TisSiz-incorporated MoSiBTiC alloy (46Mo—
28Ti-14Si-6C—-6B, at%) were investigated at 800 and
1,100°C. The addition of Cr and Al largely improved the
oxidation resistance of the MoSiBTiC alloy at 800°C due
to the formation of Cr,(MoO,); and Al,(MoO,); in the
oxide scales. These protective molybdates mainly formed
on the molybdenum solid solution (Mogs) and MosSi
phases that show poor oxidation resistance in the Cr- and
Al-free alloy and consequently increased the oxidation
resistance of the alloys. However, accelerated oxidation
occurred on the 10Al alloy after the long-term oxidation
test, suggesting that the formed oxide scale has limited
protection ability. At 1,100°C, the addition of Cr and Al
also enhanced the oxidation resistance to some extent by
forming Cr,03 and Al,O; in the oxide scales.

Keywords: molybdenum, oxidation resistance, high-tem-
perature materials, chromium addition, aluminum addition

1 Introduction

Molybdenum-silicon—boron (Mo-Si-B) alloys are pro-
mising ultra-high temperature structural materials for
heat engines because of their high melting point and
impressive creep strength above 1,150°C [1-5]. Nevertheless,
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the poor room-temperature fracture toughness and inade-
quate oxidation resistance of Mo—Si-B alloys prevent their
practical use [5-7]. Recently, Moriyama et al. found that
a TiC-added Mo-Si-B alloy with a typical composition
of 65Mo—-10Ti-5Si—10C—10B (at%, so-called first-generation
MoSiBTiC alloy) showed improved room-temperature frac-
ture toughness compared with conventional Mo-Si-B
ternary alloys [8]. The density of this alloy has also
been reduced by TiC addition to 8.9 g/cm? [9], which is
within the range of nickel-based single-crystal superal-
loys. Kamata et al. further revealed that this alloy pos-
sessed excellent creep strength (a rupture time of ~400 h
at 1,400°C under 137 MPa) [10]. However, the oxidation
resistance of the first-generation MoSiBTiC alloy is very
poor, mainly due to the relatively low concentration of
Si and the large volume fraction of the molybdenum
solid solution (Mogs) phase [11]. Experimental efforts to
solve this problem by incorporating TisSi3;, an oxidation-
resistant intermetallic phase, into MoSiBTiC alloy have
been attempted. The composition modified as a TisSis-
incorporated MoSiBTiC alloy is 46Mo—-28Ti-14Si-6C—-6B
(at%), which exhibited better oxidation performance
than the first-generation MoSiBTiC alloy at 1,100°C [12].
Unfortunately, due to the low protection from the boron-
containing silicate formed at intermediate temperature, a
remarkable weight loss of the 46Mo-28Ti-14Si-6C-6B
alloy upon exposure to oxygen was observed at 800°C
[12,13].

It is well known that Cr and Al are beneficial alloying
elements for improving oxidation resistance by forming
protective Cr,0; and Al,0O; layers. The effects of Cr in
Mo-Si-B alloys were investigated by Burk et al. [14]. The
Mo-Si-B-Cr alloys showed increased oxidation resis-
tance with the increasing Cr content from 5 to 25 at%. A
fully passivated Cr,(MoO,)s; layer was formed on the
Mo-9Si-8B-25Cr alloy oxidized at 750°C for 10 h. Strém
et al. also reported the formation of Cr,(MoO,)s on the Cr-
alloyed MoSi, at 450°C [15]. Alloying with Al was proved
to be able to suppress the pest phenomenon and thus
enhanced the oxidation behavior of Mo-Si alloys due to
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the presence of the Al,O; scale on the surface at high
temperature [16—-19]. Zhao et al. also reported that adding
Al or Cr into Mo-Ti-Si-B alloy (35Mo—-35Ti—20Si—-10B)
yielded better intermediate-temperature oxidation resis-
tance [20].

Therefore, in the present study, varying amounts of
Cr and Al were added to the TisSis-incorporated MoSiBTiC
alloy, and the oxidation performance was evaluated by
analyzing oxidation kinetic curves and oxide scales formed
at different temperatures, aiming to provide insights for the
alloy design of advanced MoSiBTiC alloys for ultra-high
temperature applications.

2 Experimental procedures

The Cr- and Al-added TisSis-incorporated MoSiBTiC alloys
investigated in this study have the compositions of 36Mo—
28Ti-14Si-6C-6B—(10—x)Cr-xAl (x = 0, 5 and 10, at%). For
simplicity, they are denoted as base (46Mo and no Cr and Al),
10Cr, 5Cr5A1 and 10Al alloys, respectively. These alloys
were prepared by conventional arc-melting with a water-
cooled copper crucible from high-purity Mo (99.9%), Ti
(99.995%), Si (99.99%), Cr (99.9%), Al (99.99%), MoB
(99%) and cold-pressed TiC powder (99 wt%, 2-5pum in
diameter) under an argon atmosphere. The button ingots
were flipped over and remelted five times to ensure com-
positional homogenization. Heat treatment was performed
at 1,600°C for 10 h under an argon atmosphere. There was
no noticeable weight change of the ingots before and after
heat treatment. The chemical compositions of the investi-
gated TisSiz-incorporated MoSiBTiC alloys are summarized
in Table 1. In particular, boron was measured using induc-
tively coupled plasma analysis.

A Bruker D8 Advance X-ray diffractometer (XRD)
with Cu-Ka radiation was used for phase identification.
The data were collected over a 20 range of 20-80° with a
step size of 0.02° and a count time of 0.5 s/step. Micro-
structure characterization was conducted using a JEOL
JSM-7800F scanning electron microscope (SEM) in a
backscattered electron imaging mode. Chemical analysis
of constituent phases for Mo, Ti, Si, Cr and Al were carried
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out using energy-dispersive X-ray spectroscopy (EDX)
and electron probe micro analyzer (EPMA) on a JEOL
JCM 6000PLUS microscope. B and C were neglected
during the measurements due to the serious interference
problem between the characteristic lines of Mo and B as
well as the low quantitative capability of EDX for these
light elements.

For oxidation studies, coupon specimens were sliced
from the heat-treated ingots by electron-discharge machining.
These specimens were carefully polished using 2000-grit
SiC paper to fully remove the heat-damaged layers and
given final dimensions of approximately 4 x 3 x 0.5 mm’.
They were then cleaned ultrasonically in ethanol for 30 min
and dried in air. Oxidation tests were performed isother-
mally at 800°C for 50h and 1,100°C for 12h under an
Ar-21% O, gas flow using a Shimadzu TGA-50H thermo-
gravimetric analyzer. The weight change of the specimens
was continuously recorded against time to acquire oxida-
tion kinetic curves. The oxidized specimens were also care-
fully examined by XRD, SEM, EDX and EPMA.

3 Results and discussion

3.1 Microstructure

Figure 1 shows the microstructures of the (a) base, (b)
10Cr, (c) 5Cr5Al and (d) 10Al alloys after 1,600°C/10 h
heat treatment. As shown in Figure 1(a) and (b), the
base and 10Cr alloys had the same phase constitution,
that is, Mo, TisSi3, M0sSiB, (T,) and TiC. It is suggested
that the addition of Cr did not change the phase equili-
brium of the base alloy. However, the microstructure of
the 10Cr alloys was much coarser than that of the base
alloy. MosSi was detected in the 5Cr5Al and 10Al alloys,
accompanying the decreased volume fraction of Mo, (see
Figure 1(c) and (d)). In the 10Al alloy, only the polygonal
prism-shaped TisSi; rods elongating along the solidifica-
tion direction can be seen, and the fine secondary TisSi;
as observed in the eutectic regions of the base alloy
almost disappeared. Some spheroidized MosSi particles

Table 1: Chemical compositions of the investigated TisSis-incorporated MoSiBTiC alloys (at%)

Alloy Mo Ti Si C B Cr Al

Base 46.4 + 1.1 28.4 + 0.6 13.0 £ 1.2 5.9 + 0.6 6.1+0.3 <0.1 <0.1
10Cr 371+ 1.4 28.8 + 1.1 13.1+1.9 6.3 +0.8 5.6 + 0.5 9.0 + 1.2 <0.1
5Cr5Al 37.2+15 29.1+ 2.0 13.1+ 0.9 6.2 + 0.5 5.5+ 0.7 4.6 +0.9 4.3+1.0
10Al 37.0 £ 1.2 28.8 + 1.5 13.3+1.3 6.1+ 0.4 5.7 + 0.60 <0.1 9.0 + 1.4
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Figure 1: Microstructures of the heat-treated (a) base, (b) 10Cr, (c) 5Cr5Al and (d) 10Al alloys.

precipitated in the polygonal prism-shaped TisSi; of the
Al-added alloys during annealing. The compositions of
each constituent phase measured by SEM-EDX for the
heat-treated alloys are presented in Table 2. A large
amount of Ti was dissolved in Mog (~20 at%), MosSi
(~23 at%) and T, (~31 at%), while a large amount of Mo
was dissolved in Ti5Si; (~20 at%) and TiC (~9 at%). In the
Cr-added alloys, Cr mainly dissolved in Mogs and MosSi
phases. The previous work by Hatakeyama et al. revealed
that Cr can substitute at Mo sites in the Mog, and T,
phases and barely change the constituent phases of the
alloy [12]. Al mainly dissolved in the MosSi phases in Al-
added alloys because Al is a Mos(Si,Al)-forming element
[16,21]. In addition, the concentrations of both Cr and Al
in TiC phase are negligible (less than 1%). Figure 2 pre-
sents the volume fractions of phase constituents in the
heat-treated alloys. The volume fraction of T, and TiC
phases also showed insignificant changes with the addi-
tion of Cr and Al.

3.2 Oxidation behavior at 800°C

Figure 3(a) illustrates the isothermal oxidation curves of
the alloys obtained at 800°C. The base alloy showed a
rapid weight loss (-60 mg/cm? for 5h) correlating with
the evaporation of MoOs, B,05; and CO, from the oxidized

surfaces [22-24]. In contrast, the 10Cr, 5Cr5Al and 10Al
alloys exhibited dramatically reduced weight losses upon
oxidation exposure. The weight changes of the 10Cr and
5Cr5Al alloys after 50 h oxidation were less than —1 mg/cm?”
This indicates that the weight loss of the base alloy at
800°C can be suppressed by adding Cr and/or Al. It
is noteworthy that the weight loss rate of the 10Al alloy
suddenly increased from ~22 h of oxidation. The appear-
ances of the specimens oxidized for 50 h are shown in
Figure 3(b)-(e). After the 12h oxidation test, the base
alloy did not change in shape and appeared intact
(Figure 3(b)). The 10Cr and 5Cr5Al specimens showed
no spalling or cracking after the 50 h oxidation tests, as
shown in Figure 3(c) and (d). Nevertheless, the edges of
the 10Al coupon became distorted after the oxidation test
(Figure 3(e)). This may be related to the suddenly accel-
erated oxidation as seen in the kinetic curve.

Figure 4 shows the XRD spectra of the base and Cr/
Al-added alloy samples after 50 h oxidation at 800°C.
TiO, reflections were detected in all samples. Character-
istic reflections of chromium and aluminum molybdates
(X,(Mo0,)s3, X = Cr or/and Al) were observed in the Cr/Al-
added alloys. In addition, some weak Al,O; reflections
were also detected in the 10Al alloy. Noteworthy is that
signals from MoOs, which should have evaporated during
oxidation are also present in the XRD spectra. It might be
related to the desublimation of MoO; during cooling. The
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cross-section microstructures of all the alloys oxidized at

T o N 800°C for 50 h are shown in Figure 5, with the oxide

299 9 scales identified by XRD and EPMA analyses as described

o PRI g g in this article. As shown in Figure 5(a), the base alloy

specimen was completely oxidized, and its oxide scale

35 3 was composed of TiO,, Si0, and unoxidized TisSi;. Even

3 e A though no SiO, signals were detected by XRD, high Si and

Slolfgoag - O concentrations measured by EPMA from the oxide

§ scale (15.5Ti—17.2Si-67.30, at%) could prove the forma-

3348 32 tion of SiO,. The poor oxidation resistance of the base

& & :\' AL alloy at 800°C is mainly attributed to the rapid oxidation

FlRRS 7 of the Mogs phase and the resultant sublimation of MoOs.

N e m Although the TisSi; phase possesses good oxidation resis-

I MY : < tance and barely oxidizes at 800°C [25,26], it cannot form
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Sl IR - small amount of oxidation products. Therefore, the oxi-

2oz dation proceeded along the continuous Mogs phase to

HoH H OH A form a microporous TiO,/SiO, scale. Detailed analyses

g s S § P of the oxidation behavior of the base alloy have been

reported elsewhere [13,27]. The oxide scales formed on

it : S ; g the 10Cr, 5Cr5A1 and 10Al specimens after oxidation for

2 fo' 3 ,f :,' iy 50 h were very thin (average thickness less than 15 um).

K K I The TisSi; phase in each alloy also barely oxidized and

é > Neom exhibited significant oxidation resistance among consti-

E E N : : o tuent phases. Particularly, the recession depths of Mogg

& Sl p|loennNomn and MosSi phases reduced to less than 6 pm in contrast to

5'37 2 FlERSTT the preferentially oxidized Mogs phase in the base alloy.

E = : 9 9 \oo Ff)r the 10Cr alloy, the oxi(%e scale was composed of TiO,,

2 Y I Slqz and .Crz(.MoO4)3 (see Figure 5(b)). The molybdate v.vas

5 Sladges mainly distributed on the Mo, phase due to the high

< amount of Cr dissolved in Mogs (~15 at%) and acted as

; Tea53 a protective barrier, which prevented further oxidation.

i‘/i P IR This agrees with the result reported by Burk et al. that

- S| Qg go< the Cry(MoO,); layer formed on the Mo-9Si-8B-25Cr

% TN alloy oxidized at 750°C is fully passivated [14]. In the

© NS N o scale formed on the 5Cr5Al specimen, the molybdate
g . :o' :E' %‘ § | (Cr,Al),(MoO,); was also detected.

b = & Figure 6 shows EPMA elemental maps of the oxidized

g_ © oo < 5Cr5Al alloy specimen. It was found that Ti spread over

= : ‘:I : i the whole oxide scale, and Si was mainly distributed in

2 > 122393 ' the scale upon the silicide phases. An internal oxidation

g (gl region, which formed on the top of the T, phase (indi-

_::: g n % o © cated by a thick arrow), was Ti and Si deficient, con-

3 - - AR taining a detectable concentration of Mo and O (see

g :2“ ; ;\ g i ! Figure 6(f) and (g)). This internal oxidation region formed

2 on the T, phase was reported elsewhere [6]. The distribu-

g N2 =9 tions of Cr and Mo were quite uniform (indicated by thin

15 g| B4 aA arrows in Figure 6(d)—(f)), and Al also existed in these Cr/

:‘f Slgan Mo-rich regions, coinciding with the molybdate mainly

2 o formed on the Mogs and MosSi. This agrees with the por-

s =SS tioning behavior of Cr and Al in each constituent phase as
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Figure 2: Volume fractions of constituent phases of the heat-treated
alloys.

presented in Table 2. Moreover, a high Al content was
observed at the outermost layer of the oxide scale, indi-
cating the formation of Al,0s. Similar outward diffusion
of Al had been reported for Ti—Al-Si alloys [28,29]. The
oxide scale formed on the 10Al specimen had similar
oxide scales to that of the 5Cr5Al alloy (see Figure 5(d)).
However, the discontinuous Al,O; layer formed on the
outermost scale could not provide sufficient protection
for the substrate. It can be concluded that the addition
of Cr and Al to the base alloy contributed to the formation
of protective molybdates upon Moss; and MosSi phases,
which suppressed the inward diffusion of oxygen and
consequently increased the oxidation resistance of the
entire alloy.

Even though these chromium and aluminum molyb-
dates, which formed at and below 800°C on the MoSiBTiC
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alloys, acted as protective oxide, Cr,(MoO,); and Al,(M0O,4)s
decompose with MoO; vaporization at temperatures
starting from 810 and 800°C, respectively [30,31]. Since
the decomposition temperature of Al,(MoO,); is the same
as the oxidation temperature in this study, the formation
and decomposition of Al,(MoO,); may progress simulta-
neously during the oxidation process. This agrees with
the SEM results that both Al,(MoO,); and Al,O; were
observed in the Al-added alloys (see Figure 5(d)). There-
fore, for the 10Al alloy that showed good oxidation resis-
tance in the first several hours (shown in Figure 3(a)),
the accelerated oxidation from ~22h and the distorted
sample edges (see Figure 3(e)) were presumably due to
the decomposition of Al,(MoO,); to Al,O; and volatile
MoOjs; after the long-term oxidation test.

3.3 Oxidation behavior at 1,100°C

Figure 7 shows the isothermal oxidation curves of the
alloys at 1,100°C and the appearance of the specimens
after 12 h of oxidation. The weight loss corresponds to the
evaporation of MoOs, B,0; and CO, during oxidation.
As shown in Figure 7(a), all of the alloys experienced a
rapid weight loss at the beginning of the oxidation (called
the “initial stage”), followed by a gradual slowing down
of the oxidation rate. Compared with the base alloy for
which the initial stage ended around 1 h, the 10Cr, 5Cr5A1
and 10Al alloys exhibited a shorter initial stage with the
ending time around 10 min. The weight loss in the initial
stages of the 10Cr, 5Cr5Al and 10Al alloys was much
smaller than that of the base alloy. However, all the alloys

1mm

1mm

Figure 3: (a) Isothermal oxidation curves of the alloys obtained at 800°C and appearances of the specimens of the (b) base, (c) 10Cr,

(d) 5Cr5AlL and (e) 10Al alloys oxidized for 50 h.
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Figure 4: XRD spectra of the (a) base, (b) 10Cr, (c) 5Cr5Al and (d) 10Al alloys after 50 h oxidation at 800°C.
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Figure 5: Cross-section microstructures of the (a) base, (b) 10Cr, (c) 5Cr5Al and (d) 10Al alloys oxidized at 800°C for 50 h.

showed a continuous weight loss in a linear manner after
the initial stage. This means that the oxide scales, which
formed on the substrates did not completely passivate

them, and thus, the sublimation of MoOs could not be fully
suppressed. Figure 7(b)—(e) show the appearance of the
alloys oxidized at 1,100°C for 12 h. It can be seen that the
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Figure 6: (a) Cross-section BSE image and (b)-(g) the corresponding EPMA elemental maps of the 5Cr5Al alloy oxidized at 800°C for 50 h.

base alloy contained some protruded oxides along the
specimen edges (see Figure 7(b)). In contrast, the Cr/Al-
added alloys had neat surface morphology as shown in
Figure 7(c)—(e). Figure 8 shows the XRD patterns obtained
from the surface of the base and Cr/Al-added alloys oxi-
dized at 1,100°C for 12h. Strong TiO, reflections were
detected, indicating that the main component of the oxide
scale was rutile TiO,. The 10Cr alloy had a similar XRD
pattern with the base alloy, with only TiO, being detected.
For the Al-added alloys, Al,O5; formed in the scales during
the oxidation test, coinciding with the color change of the
sample surfaces shown in Figure 7(c) and (d).
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The cross-section microstructures of the base, 10Cr,
5Cr5Al and 10Al alloys oxidized at 1,100°C for 12h are
shown in Figure 9(a)-(e). The average scale thickness
of the base, 10Cr, 5Cr5Al and 10Al alloys was 40, 30, 30
and 32 pm, respectively. SiO, was detected in the oxide
layers by EPMA analysis even though there were no sili-
cate peaks in the XRD patterns. The oxide scale formed in
the 10Cr alloy was mainly composed of TiO, and SiO, as
shown in Figure 9(b). Meanwhile, as shown in Figure 9(c),
some light gray particles mainly distributed near the
scale/substrate interface can be seen for the 10Cr alloy.
The results of EPMA analysis listed in Table 3 show that

1mm

Figure 7: (a) Isothermal oxidation curves of the alloys obtained at 1,100°C and the appearance of the (b) base, (¢) 10Cr, (d) 5Cr5Al and

(e) 10Al specimens oxidized for 12 h.
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Figure 8: XRD spectra of the specimen surface of the base, 10Cr,
5Cr5Al and 10Al alloys oxidized at 1,100°C for 12 h.

the light gray particles should be Cr,0s. Figure 10 shows
an (a) cross-section BSE image with the corresponding
EDX elemental maps illustrated the 10Cr alloy oxidized
at 1,100°C for 12 h in (b)—(f). High Ti and Si contents were
observed in the oxide scale. Cr tended to concentrate on
the inner side of the scale (see Figure 10(e)), coinciding
with the Cr,05 particles that are shown in Figure 9(c).
The formation of Cr,0; suppressed the inward diffusion of
oxygen at some depth, thereby increasing the oxidation

TiO, SiO,

TiOz’AIZO3
4

TiO,:SIO,

found. The absence of Cr,05 particles near the scale/gas
interface may be due to the lower oxygen affinity of Cr
than Ti, which suppressed the Cr,0; formation at the
beginning of oxidation or by the sublimation of volatile
CrO; from the scale surface [32]. The oxide scale formed
on the 5Cr5Al and 10Al specimens was composed of a
TiO,/Al,05; outermost layer and a TiO,/SiO, inner layer.
Cr,03 particles were also observed in the scale of the
oxidized 5Cr5Al specimen. Since Al has a high affinity
with oxygen, Al,O; would form preferentially at the very
beginning of oxidation. However, the Al concentration in
the 5Cr5Al and 10Al alloys was relatively low compared
with the Ti concentration. Once Al diffused to the surface,
the lean-Al region underneath allowed Ti to oxidize to

TiO;:SiO,

Figure 9: Cross-section microstructures of the (a) base, (b) 10Cr, (d) 5Cr5Al and (e) 10Al alloys oxidized at 1,100°C for 12 h, (c) high

magnification image of the squared area in (b).
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Figure 10: (a) Cross-section BSE image and (b)-(f) the corresponding EDX elemental maps of the 10Cr alloy oxidized at 1,100°C for 12 h.

TiO,, giving rise to a mixed outermost layer composed of
TiO, and Al,O5 instead of the continuous alumina layer.
This oxide scale structure was similar to the scale formed
on the Ti—Al-based alloys with relatively low Al content
[28,33,34]. In contrast to the oxide scale of the 10Cr alloy,
which consisted of coarse TiO, grains, these Al,Os-con-
taining scales showed very fine oxide grains. Together
with voids as shown in Figure 9(e), these Al,Os-containing
scales likely offer only limited protection even though Al,O5
is considered to be an oxidation-resistant phase in many
alloy systems.

4 Conclusion

The effects of adding Cr and Al on the oxidation behavior
of a TisSiz-incorporated MoSiBTiC alloy were investi-
gated. The addition of Cr did not change the constituent
phases of the base alloy but coarsened the microstruc-
ture, while MosSi phases formed by Al alloying. Compared
with the base alloy, the alloys added with Cr and Al
exhibited largely improved oxidation resistance at 800°C
due to the formation of protective Cr,(MoO,); and Al,(MoO,)s.
These molybdates mainly formed upon Mogs and MosSi
phases that showed poor oxidation resistance in the base
alloy and consequently increased the oxidation resis-
tance of the alloys. However, accelerated oxidation
occurred on the 10Al alloys after the long-term oxidation

test, indicating that the formed oxide scale has limited
protection ability. At 1,100°C, the addition of Cr and Al
also enhanced the oxidation resistance to some extent by
forming Cr,05 and Al,O3 in the oxide scales.
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