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In recent publications [Schliephake et al. in Intermetallics 104 (2019) 133–142 and Obert,

Kauffmann & Heilmaier in Acta Materialia, 184 (2020) 132–142], an unexpected pesting-

stability of fully eutectic and specific eutectic–eutectoid Mo–Si–Ti alloys was found. Several

potential reasons were proposed: microstructural length scale being typically very fine due

to  the eutectic and eutectoid reactions, the phase distribution including the fraction of the

eutectic and eutectoid regions, as well as the chemical composition of the individual phases.

In  the present study, we prove the Ti content to be decisive for the pesting-resistance in air at

800 ◦C by investigating the microstructure and oxidation behaviour of Mo–Si–Ti alloys with

systematically varying nominal Ti content. A critical Ti content of 43 at% was identified.

Due  to the phase equilibrium, this corresponds to a local Ti content in Mo  solid solution of

35  at%. Other microstructural properties such as (i) lamellar size within eutectic and eutec-

toid regions and (ii) volume fraction of the eutectic and eutectoid regions were demonstrated

to  have an insignificant influence on the pesting-resistance of the alloys. Rather, the assess-

ment of the oxidation behaviour of the monolithic phase MoSS, which was identified to be

crucial for the oxidation behaviour of the Mo–Si–Ti alloys, confirmed an improvement in
oxidation behaviour with increasing Ti content.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
∗ Corresponding author.
E-mail: alexander.kauffmann@kit.edu (A. Kauffmann).

https://doi.org/10.1016/j.jmrt.2020.06.002
2238-7854/© 2020 The Author(s). Published by Elsevier B.V. This is a
creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction

Ti macro-alloyed Mo–Si-based alloys are attracting increas-

ing attention as potential alternative materials for high
temperature structural applications. Besides a high solidus
temperature of about 1900 ◦C and, consequently, good creep
resistance, a considerable reduction in density towards
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.2–7 g/cm3, which is significantly below state-of-the-art Ni-
ased superalloys, is achieved [1–3]. However, challenges have
o be faced regarding the insufficient oxidation behaviour at
emperatures below 1000 ◦C, even when the oxidation-critical
hase Mo3Si has been eliminated [2,4]. In contrast, an entirely
utectic Mo–Si–Ti alloy (Mo–20Si–52.8Ti at%) comprising MoSS

olid solution and the intermetallic (Ti,Mo)5Si3 phase exhibits
xcellent oxidation resistance in the pesting-critical regime at
00 ◦C [3,5]. It was found that a continuous mixed SiO2–TiO2

cale with a thickness of (9 ± 2) �m was formed after 100 h of
yclic oxidation. The corresponding specific mass change was
nly about 0.3 mg/cm2. However, why this alloy does not show
ny pesting behaviour is still an open question. Estimations
f separately considered mass change contributions by oxide
cale growth and evaporation at 1200 ◦C for Mo–Si–Ti alloys
ave shown that alloys comprising higher Ti contents, espe-
ially the eutectic alloy, tend to less evaporation [5]. Therefore,
he oxide scale formed on the eutectic alloy is regarded as pas-
ivating in Ref. [5]. In this article, the oxidation behaviour of the
utectic alloy will be further evaluated by assessing the role
f the microstructural length scale and the influence of the
hemical composition of the individual phases. With respect
o the identification of the root-causes, which lead to sup-
ression of pesting, a series of alloys with varying nominal Ti
ontent and tailored eutectic-/eutectoid microstructures are
tudied here.

.  Experimental

he investigated alloys were manufactured by arc-melting
sing an AM/0.5 device by Edmund Bühler GmbH. The respec-
ive elements Mo, Si and Ti were used in bulk form with
urities of 99.95%, 99.99% and 99.8%, respectively. The melting
rocedure was performed in a water-cooled Cu crucible under
r atmosphere of 600 mbar, which has been established after
vacuating to 10−4 mbar. In order to reduce oxygen residuals,

 Zr lump has been molten previously to the alloy. Homoge-
ous element distribution was established by repeating the
elting procedure for five times in combination with flipping

he ingot between each melting step. The resulting weight loss
as ensured to be less than 0.5 wt%. Specific alloys were subse-
uently heat-treated in a HRTH tube furnace by Carbolite Gero
mbH & Co. KG under Ar atmosphere at 1300 and 1600 ◦C.

Oxidation samples were manufactured with dimensions of
5 × 5 × 4) mm3, by means of electrical discharge machining
EDM). To ensure an appropriate surface finish, the machining

arks were removed utilising SiC grit P2500 on all faces of the
xidation samples.

The oxidation experiments were performed cyclically in
uffle furnaces (Carbolite Gero and Nabertherm) in labora-

ory air at 800, 1100 and 1200 ◦C. Cycle durations varied from
 to 10 h until 100 h total test duration was reached. After hav-
ng been cooled down to room temperature after each cycle,
he oxidation samples were weighed with a Sartorius balance
ith a precision of ±1 �g. The initial weight of the oxidation
amples was typically in the range of 300–500 mg  (depend-
ng on the alloy). During the entire oxidation experiments the
amples were kept in Al2O3 baskets but were turned around
etween the cycles.
0;9(x  x):8556–8567 8557

Sample preparation for microstructural analysis for scan-
ning electron microscopy (SEM) included grinding steps down
to SiC grit P2500, 1 and 3 �m polishing steps with diamond sus-
pension. Final polishing was performed using stabilised silica
suspension by Buehler. For (scanning) transmission electron
microscopy investigations (STEM), thin slices with less than
3 mm in diameter were machined by EDM, ground down  to SiC
grit P4000 with a thickness in the range of 100 �m and sub-
sequently electrochemically jet-polished. Jet-polishing was
performed using a TenuPol-5 by Struers GmbH at room tem-
perature with an electrolyte consisting of H2SO4 and methanol
at a ratio of 1:4 and an applied voltage of 15 V.

A D2 Phaser diffraction system by Bruker was used for X-
ray diffraction (XRD) measurements in order to determine the
crystal structure of the present phases. It was equipped with
a Cu tube operating at 30 kV and 10 mA,  while the resulting
radiation was filtered by Ni foil and detected by a LynxEye line
detector operating in 2� with a step size of 0.01◦. The cubic and
hexagonal lattice parameters were determined by applying a
Nelson-Riley approach [6] and a modified least square fitting
method [7], respectively.

SEM analysis was performed on an EVO 50 and an Auriga 60
system, both provided by Carl Zeiss AG. Both were equipped
with energy dispersive X-ray spectroscopy (EDX) systems
either by Thermo Fisher Scientific or EDAX. Acceleration volt-
ages of 20 kV for imaging and 8–10 kV for EDX  analyses were
used, respectively. Besides secondary electron imaging (SE),
backscatter electron (BSE) imaging contrast was used in order
to characterise the respective phases and microstructures. In
accordance to this, EDX measurements were carried out to
further characterise the obtained microstructures and oxide
scales. Quantitative image  analysis included determination of
the volume fractions of the present phases and microstruc-
tural regions. The respective phases were assigned manually
and the corresponding areal fractions were determined by
pixel counting. By assuming isotropy and isometry of the
microstructures, the gained areal fractions were converted
into volume fractions. Additionally, the phase boundary frac-
tion P (see Eq. (1), [8], p. 81) was determined by applying a linear
intersection approach to representative BSE images in order to
evaluate the fine length scale of the attained microstructures.

P = 2
N

L
(1)

Thereby, N is the number of intersections and L the over-
all length of the lines. Lamellar spacing was not specified
since the binary eutectic microstructures were either both,
degenerated and partially lamellar fibrous or homogenously
coarsened.

TEM investigations were performed on a Talos F200X of FEI
at an acceleration voltage of 200 kV. For scanning transmis-
sion microscopy high-angle annular dark-field (STEM-HAADF)
imaging a camera length of 95 mm was utilised. The chemical
composition was determined using STEM-EDX mappings.
3.  Results  and  discussion

This section is structured as follows: first, the results on the
microstructural analyses and the oxidation experiments of the
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Table 1 – Microstructural features of the eutectic alloy in ac and ht condition: volume fractions of MoSS and (Ti,Mo)5Si3
and phase boundary fraction P.

Mo–20Si–52.8Ti (at%) vMoSS (vol%) v(Ti,Mo)5Si3 (vol%) P (�m−1)
eutectic ac 47 ± 2 

eutectic ht (1600 ◦C, 150 h) 50 ± 2 

eutectic alloy with different microstructural length scale is
presented (Section 3.1). Second, influencing factors like vol-
ume  fraction of eutectic regions, nominal composition of the
alloy and the Ti content in the respective phases are assessed
in order to develop a better understanding for the achieved
pesting-resistance (Section 3.2). Finally, results on the oxi-
dation behaviour of single-phase bcc MoSS are shown and
correlated to the oxidation behaviour of the Mo–Si–Ti alloys
(Section 3.3).

3.1.  Microstructural  characterisation  and  study  of  the
oxidation  behaviour  at  800  and  1200 ◦C

A previously studied fully eutectic alloy Mo–20Si–52.8Ti
(at%) was reported to exhibit a surprisingly good oxidation
behaviour even at the critical (pesting) temperature of 800 ◦C
[3]. The good oxidation resistance, especially under pesting
conditions, was speculated to be related to the fine-scaled
eutectic microstructure consisting of MoSS and (Ti,Mo)5Si3 [3].
Short diffusion paths for elements like Si, which form pro-
tective oxide scales (e.g. silica), facilitate fast coverage of the
surface including less pesting-resistant phases like MoSS, by
oxide scale formation. In other studies, coverage or sealing
of surface-near non-protective phases/regions was improved
by alloying Mo–Si-based alloys with B leading to the forma-
tion of a low-viscous borosilicate layer at higher temperatures
(beyond 1000 ◦C) in the transient stage of oxidation [9–12]. In
order to assess the importance of the microstructural length
scale for pesting-resistance, the oxidation behaviour of an
artificially coarsened eutectic microstructure by an additional
heat treatment (ht) is compared to the as-cast (ac) variant. The
rapidly cooled ac variant is characterised by a degenerated,
locally fibrous fine-scaled microstructure with a phase bound-
ary fraction of (0.60 ± 0.04) �m−1 (see Table 1 and Fig. 1a). In
contrast, a significantly decreased phase boundary fraction of
(0.23 ± 0.02) �m−1 is achieved in the ht variant (see Table 1
and Fig. 1b). Both variants comprise MoSS and (Ti,Mo)5Si3
at a ratio of about 1:1 (see Table 1). It is not possible to
assign the matrix forming phase by 2D pixel connectivity
analysis. However, it seems that both phases are present as
laterally expanded interconnecting networks (see coloured
parts of the micrographs in Fig. 1a and b, respectively). The
pixel clusters corresponding to MoSS are highlighted by “cold”
colours of green to blue, whereas the pixel clusters referring
to (Ti,Mo)5Si3 are coloured in “warm” colours of red to yellow.
A 3D duplex structure of both phases is likely to be present in
both conditions.

Cyclic oxidation experiments reveal comparably good oxi-
dation behaviour in the entire temperature range of 800, 1100

and 1200 ◦C (see Fig. 1c, data at 1100 ◦C is omitted due to
similarity to 1200 ◦C). At 800 ◦C, small specific mass changes
of (0.04 ± 0.12) mg/cm2 in ac and (−0.55 ± 0.04) mg/cm2 in ht
condition are attained after 100 h. At 1200 ◦C, specific mass
53 ± 2 0.60 ± 0.04
50 ± 2 0.23 ± 0.02

changes in the range of (3.1 ± 0.1) mg/cm2 and (3.8 ± 1.4)
mg/cm2 are observed in the ac and ht condition, respectively.
Note the larger scatter of data for the ht variant at 1200 ◦C.

The corresponding microstructures of the respective oxi-
dised samples are depicted in Fig. 2 (the images at 1100 ◦C are
again omitted due to similarity to the observations made at
1200 ◦C). When comparing the variants oxidised at 800 ◦C (see
Fig. 2a and b), it can be concluded that: (a) In the ac condition,
the fine-scaled eutectic microstructure leads to the forma-
tion of a thin oxide scale composed of mixed SiO2 and TiO2,
as has already been reported elsewhere [3,5]. (b) The coars-
ened microstructure exhibits a more  complex, site-specific
oxidation behaviour, being caused by the difference in oxi-
dation rate of the individual phases. This might also be the
case in the ac condition. However, the microstructural scale
is that fine leading to an intermixing of the oxides formed on
the individual phases, which are hard to be distinguished. In
the ht variant, this distinction can be revealed by SEM imag-
ing even after 100 h of testing (see Fig. 2b). The oxidation of
MoSS is characterised by rapid formation of TiO2 with small
islands of SiO2 being embedded inhomogeneously. The coarse
MoSS regions guide the oxidation attack towards the substrate.
In contrast, the surface-near (Ti,Mo)5Si3 regions slowly form
a thin top oxide layer being mainly composed of TiO2 (see
BSE contrast and compare to the literature review on the
oxidation behaviour of (Ti,Mo)5Si3 in the paragraph below).
However, cracks within the surface-near (Ti,Mo)5Si3 regions
are present. It can be argued whether this cracking is ther-
mally induced due to the cyclic experimental procedure or
these cracks have already been present prior to oxidation test-
ing. Since there are significantly less cracks present in the core
of the substrate and due to the large anisotropy of the coef-
ficient of thermal expansion (CTE) in Ti5Si3 [13,14], thermally
induced cracking is likely to occur. Possible inward diffused
oxygen does not lead to an increase in thermal anisotropy,
but to a rather slight decrease (ratio of linear coefficients
of thermal expansion is reduced from (2.9 ± 0.7) × 10−6 ◦C−1

to (2.5 ± 0.3) × 10−6 ◦C−1 in Ti5Si3O0.4) [13]. Additionally, an
isothermal oxidation test at 800 ◦C for 100 h of the ht condi-
tion reveals that significantly less cracks are present within
the surface-near (Ti,Mo)5Si3 (see Fig. 2c). Thus, paths for severe
oxidation inside these phase regions are avoided. However,
despite cracking in (Ti,Mo)5Si3, the oxidation sample stays
intact as TiO2 formation only occurs along the crack flanks
and is inhibited within a small surrounding volume. The
cracks are almost located perpendicular to the c-axis of the
(Ti,Mo)5Si3 regions and independently of the orientation of
the silicide regions. Thus, direct pathways for oxide forma-
tion through their entire length of the (Ti,Mo)5Si3 regions are

not enabled. In accordance with this observation, the inward
oxidation progress through MoSS regions is stopped when
(Ti,Mo)5Si3 regions terminate the respective pathway towards
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Fig. 1 – BSE micrographs of the microstructure of the eutectic alloy in the ac state (a) and after heat-treatment at 1600 ◦C for
150 h (b). This includes corresponding coloured microstructures (MoSS is highlighted by “cold” colours of green to blue and
(Ti,Mo)5Si3 by “warm” colours of yellow to red; pixel from single clusters of a phase are the same colour). Exemplary cyclic
oxidation experiments at 800 ◦C (squares) and 1200 ◦C (diamonds) (c). (For interpretation of the references to color in this
fi s art
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gure legend, the reader is referred to the web version of thi

he substrate. As there is no matrix character of neither MoSS

or (Ti,Mo)5Si3, further oxidation in MoSS or along cracks in
Ti,Mo)5Si3 is at least decelerated: neither critical selective
nternal oxidation/corrosion (less than 20 �m of internal cor-
osion after 100 h), nor significant mass losses (−0.5 mg/cm2

fter 100 h) occurred.
The analysis of the oxidation behaviour of a (Ti,Mo)5Si3-

ased Mo–Si–Ti alloy in Ref. [15] matches the observed
xidation behaviour of the (Ti,Mo)5Si3 regions in the eutectic
lloy well. (Ti,Mo)5Si3 is reported to possess a suitable oxi-
ation resistance with a specific mass change of less than

 mg/cm2 after 10 h [16] and an oxide scale of less than 10 �m
n thickness after isothermal oxidation at 900 ◦C for 100 h [15].
he oxide scale is characterised by an outer TiO2 scale on top of

 duplex oxide scale composed of an SiO2 matrix with finely
istributed TiO2 particles [16]. Obviously, the Mo content in

Ti,Mo)5Si3 (being 26.4 at% in Ref. [15]) does not deteriorate
he oxidation behaviour of Ti5Si3. The oxidation behaviour of

onolithic Ti5Si3 and the effect of interstitials was studied by
everal authors [17–21]. Besides the amount of O, N and C, it
s especially the Si content, which is regarded as being deter-

ining for sufficient oxidation behaviour at 1000 ◦C [19,21].
i5Si3 and Ti5Si2.8, the latter being deficient in Si content,
how accelerated specific mass gain (more than 10 mg/cm2

nd 20 mg/cm2 after 20 h, respectively) under isothermal oxi-

ation conditions in air at 1000 ◦C. This is attributed to the
rack formation in the thin SiO2 scale which is caused by grow-
ng subscales TiN and TiSi2 [19]. In contrast, the Si-enriched
icle.)

silicide Ti5Si3.2 possesses an outstanding oxidation behaviour
with less than 3 mg/cm2 in specific mass change after 50 h at
1000 ◦C [19] which is attributed to the continuous, passivating
SiO2 scale [19,21]. Depending on the Si/Ti ratio, SiO2 or TiO2 is
forming as stable oxide [17].

At 1200 ◦C, the oxide scale morphology of the ac and ht vari-
ant is essentially the same. An outer TiO2 layer is observed
on top of a SiO2–TiO2 duplex scale (see Fig. 2d and e). The
ratio of SiO2 to TiO2 within the duplex scale is close to 1:1 for
both conditions. A small amount of porosity of typically less
than 1.5 vol% is present within the oxide scale and at the inter-
face of the oxide scale and the substrate for both conditions.
Additionally, an internal oxidation zone is observed which is
characterised by considerable precipitation in MoSS.

Investigation of the internal oxidation zone by SEM-EDX
analyses reveals the presence of Si- and Ti-rich oxide particles
within MoSS, as well as Ti-rich oxides along the phase bound-
aries (see high-resolution SEM-EDX maps for the constituent
elements Mo, Si, and Ti and additionally O in Fig. 3a and b).
Besides the surface-near oxide particles, homogenously dis-
tributed Si- and Ti-rich precipitates are identified within MoSS.
These are formed due to the thermal treatment (see Supp. 1)
and are likely to originate from a supersaturation of MoSS in
Si and Ti. Supersaturation of the MoSS is rationalised by fast
cooling conditions together with reduced element solubility

with decreasing temperature [22–25].

The already discussed striking difference in oxidation
behaviour of the individual phases MoSS and (Ti,Mo)5Si3 is
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Fig. 2 – BSE micrographs of the cross sections of the cyclically oxidised samples after 100 h at 800 ◦C of the ac (a) and ht
variant (b) in comparison to an isothermally oxidised sample after 100 h of the ht variant (c). BSE micrographs of the oxide

ant (e
scales formed at 1200 ◦C after 100 h on the ac (d) and ht vari

more  pronounced in the coarsened ht variant. This can also be
noted when evaluating the oxide scale thicknesses (see Fig. 4),
which reveals considerably increased scatter at 800 ◦C in the
ht variant. However, the average values after 100 h have to
be regarded as comparable when data scatter is taken into
account, namely (5 ± 2) �m in the ac vs. (9 ± 8) �m in the ht
variant. The same applies to the observations made at 1200 ◦C
where the resulting oxide scales have comparable thicknesses
of (60 ± 13) �m and (48 ± 13) �m in the ac and ht condition,
respectively. Note the already mentioned internal oxidation
at 1200 ◦C of approximately 10 �m in the two variants.

The oxidation behaviour of the ac and ht variant is quite
similar on a macroscopic level at 800 ◦C. However, on a
microscale, the different oxidation behaviour of the indi-
vidual phases is revealed to be more  prominent in the ht
variant, whereas in the ac variant a mutually interacting oxi-
dation behaviour of the respective phases is observed. At

1200 ◦C, both variants show similar oxide scale morphology
along with comparable weight changes. Thus, the sufficient
oxidation behaviour of the eutectic alloy (ac and ht vari-
).

ant) is not facilitated by the fine-scaled microstructure. At
temperatures below 1000 ◦C, the otherwise reasonable abil-
ity of SiO2 to cover the substrate surface is restricted due to
its considerably increased viscosity [26]. For example, typi-
cal Mo–Si-based alloys were still found to undergo pesting,
even when alloyed with B to reduce viscosity by the for-
mation of a borosilicate oxide scale [11] or with fine-scaled
microstructures down to 1 �m−1 and below in phase bound-
ary fraction [4,27,28]. Additionally, TiO2 is of crystalline nature
and, therefore, exhibits non-flowing characteristics in the
entire temperature range. In the case of Mo–Si–B alloys, even
additional macro-alloying with Ti does not lead to sufficient
resistance under pesting conditions [1,2,4]. Conclusively, the
achieved pesting-resistance is neither determined by surface-
diffusion processes, as the coarsened eutectic microstructure
still reveals pesting-stability, nor by viscous oxide scale flow
providing coverage of the substrate surface. Thus, chemical

conditions are accounted for being responsible for the pesting-
resistance, which will be addressed in the following section.
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Fig. 3 – BSE micrographs of the internal oxidation zone of the ac (a) and the ht variant (b) subsequent to cyclic oxidation at
1200 ◦C for 100 h and the corresponding SEM-EDX maps of Mo  (red), Si (green), Ti (orange) and O (purple). (For interpretation
of the references to color in this figure legend, the reader is refer

Fig. 4 – Evolution of the oxide scale thickness with test
duration at 800 and 1200 ◦C for for the ac (full bars and the
h
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t variant (open bars), respectively.

.2.  Compositional  influencing  factors  on  the
esting-stability

ince we  highlighted the importance of the nominal Ti content
f the alloy and especially the Ti content of MoSS for suppres-
ion of pesting in our previous paper (Ref. [5], alloy A and B), it is
ikely that the chemical composition of the individual phases
s decisive for an adequate oxidation resistance. Therefore,

e focus here on alloys with systematically varying Ti con-

ent in the composition range framed by the eutectic alloy,
xhibiting good oxidation behaviour at 800 ◦C, and the eutec-
oid alloy Mo–21Si–34Ti (see below) suffering from pesting at
red to the web version of this article.)

800 ◦C [3]. We included several additional alloys (alloy C1, C2
and D) compared to our previous article. The relevant details
of these alloys are summarised in Table 2.

Alloy Mo–21Si–34Ti, resembling the reference alloy with
minimum Ti content, possesses a complete eutectoid
microstructure of (Mo,Ti)5Si3 and MoSS after an appropri-
ate heat-treatment at 1300 ◦C for 200 h (see Fig. 5a). When
increasing the Ti content towards the eutectic alloy, mixed
eutectic–eutectoid microstructures are attained. In Fig. 5b and
c an example of an intermediate eutectic–eutectoid alloy, alloy
B, is shown before and after heat-treatment, respectively. The
resulting microstructures are equivalently (or even more)  fine-
scaled like the eutectic alloy with (1.04 ± 0.05) �m−1 in the
eutectoid alloy and (0.95 ± 0.07) �m−1 in alloy B. However, the
additional heat treatment in order to complete the eutectoid
decomposition of (Mo,Ti)3Si is noteworthy which leads to very
fine eutectoid regions.

The results of the cyclic oxidation experiments at 800 ◦C
of these alloys are displayed in Fig. 6 revealing a transition in
oxidation behaviour. Alloys with nominal Ti contents equal to
or higher than 43 at% (compare to alloy A, see also Ref. [5])
do not show any catastrophic oxidation behaviour, whereas
for lower nominal Ti contents the severity of pesting is get-
ting more  pronounced with decreasing Ti content (see alloys
D, B and the eutectoid alloy). The following specific mass
changes are observed after 100 h: A ac: (−2.0 ± 0.9) mg/cm2,
C1 ac: (0.2 ± 0.1) mg/cm2, C2 ac: (−10.0 ± 9.0) mg/cm2, D ht:
(−60.0 ± 1.7) mg/cm2, B ht: (−120.1 ± 22.0) mg/cm2, eutectoid:

(−167.2 ± 12.3) mg/cm2.

Conclusively, the oxidation behaviour of the investigated
alloys is significantly influenced by their nominal Ti content.
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Table 2 – Composition and phase boundary fraction P of the additionally investigated alloys. The listed Ti-rich alloys C2,
C1 and A (nominal Ti content 43 at% and higher) are used in ac condition as the eutectoid decomposition was completed
during casting, whereas the Ti-lean alloys D, B and the eutectoid alloy are used in ht condition.

Alloy Nominal composition (at%) P (�m−1)

Alloy C2

Ti-rich

Mo–21Si–47Ti  ac: (0.74 ± 0.18)
Alloy C1 Mo–21.6Si–44.2Ti ac: (0.71 ± 0.29)
Alloy A Mo–21Si–43.4Ti ac: (0.56 ± 0.14)

Alloy D

Ti-lean

Mo–21.5Si–41.5Ti ht: (0.80 ± 0.09)
Alloy B Mo–21Si–38.7Ti ht: (0.95 ± 0.07)
Eutectoid alloy Mo–21Si–34Ti ht: (1.04 ± 0.05)

Fig. 5 – BSE micrographs of the eutectoid alloy in ht condition (a) in comparison to the microstructure of the
eutectic–eutectoid alloy B in ac (b) and ht condition (c).

Fig. 6 – Cyclic oxidation experiments of the investigated
alloys at 800 ◦C. Please note that only one representative
oxidation curve is displayed for each alloy; while three to
five tests were  performed in total for each alloy (see Supp.
2).
However, the difference in nominal Ti content results in a
shift of the solidification paths, especially leading to differ-
ent primary solidifying phases (even though in small volume
fractions) and whether eutectic or eutectoid microstructures
are formed. While the eutectic comprises (Ti,Mo)5Si3 which
is believed to be pesting-resistant like Ti5Si3, the eutectoid
microstructures contain (Mo,Ti)5Si3. (Mo,Ti)5Si3 with 20 and
40 at% Ti are known to be pesting-resistant as well, as was
shown by Azim et al. and Burk et al. in Refs. [29,30]. A
thin mixed oxide scale comprising SiO2 as matrix and finely
distributed TiO2 particles is formed on both, the Ti-lean and Ti-
rich silicides, whereas the latter is characterised by a reduced
oxide scale thickness at higher temperatures [29,30]. However,
an underlying internal (oxidation) zone, depleted in Ti with
O-enriched grain boundaries and TiO2 formation at former
porous triple points of the grain boundaries is observed [29].

In order to further evaluate the assumption that the

oxidation behaviour might be influenced by the chemical
composition of the respective phases and microstructures,
the local chemical composition of the individual phases
and microstructural regions were determined. The eutec-
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Fig. 7 – HAADF images of the microstructures analysed by STEM-EDX and corresponding STEM-EDX mappings of the
respective elements Mo  (green), Si (blue), Ti (red) of the eutectic alloy in the ac state (a), the eutectoid alloy in the ht state
(precipitates within MoSS circled in white), including the investigation of the MoSS region (c), and the eutectic–eutectoid
alloy B in the ac state (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 3 – STEM-EDX results of minimum five line scans in the respective areas of the investigated alloys.

Alloy Phase Mo (at%) Si (at%) Ti (at%)

Eutectic alloy ac MoSS 58.7 ± 5.3 2.4 ± 0.3 38.9 ± 5.5
(Ti,Mo)5Si3 13.3 ± 3.8 23.2 ± 3.0 63.5 ± 4.0

Eutectoid alloy ht MoSS 74.1 ± 0.5 2.6 ± 0.3 20.6 ± 0.3
cuboidal precipitates in MoSS 16.3 ± 1.4 30.3 ± 0.9 49.5 ± 1.1
spherical precipitates in MoSS 59.7 ± 1.6 10.3 ± 0.9 26.7 ± 1.2
(Mo,Ti)5Si3 15.5 ± 3.7 29.5 ± 1.7 42.6 ± 2.2

Alloy B ac MoSS (eutectic) 69.3 ± 4.1 2.7 ± 0.1 28.0 ± 4.0
M Si (eutectic) 21.2 ± 5.4 24.6 ± 4.3 54.2 ± 1.5

t
e
S

5 3

MoSS (eutectoid) 

M5Si3 (eutectoid) 
ic and eutectoid reference alloys and in the intermediate
utectic–eutectoid alloy B were investigated by means of
TEM-EDX. The corresponding STEM-EDX mappings are
69.8 ± 4.3 4.8 ± 2.1 25.5 ± 2.3
29.3 ± 7.3 22.8 ± 2.9 47.9 ± 4.9
depicted in Fig. 7. The eutectic and eutectoid reference alloys
clearly reveal fine-scaled microstructures composed of MoSS

and silicide regions (see Fig. 7a and b for STEM-EDX results
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Fig. 8 – Nominal Ti content vs. globally determined Ti
content (by means of XRD) and local Ti content (by means
of STEM-EDX) of all investigated alloys in correlation with
the volume fractions of the respective
8564  j m a t e r r e s t e c h n

and Supp. 3a–d for corresponding TEM-SAD diffraction pat-
terns). Moreover, in the eutectoid alloy, cuboidal and spherical
precipitates within MoSS are observed (see Fig. 7b and c). The
cuboidal precipitates were found to be Ti- and Si-rich, whereas
the spherical precipitates were found to be rich in Mo (see also
Table 3). It is likely, that these precipitates formed during sub-
sequent heat-treatment due to supersaturation of the MoSS

achieved by rapid cooling after the arc-melting. The interme-
diate eutectic–eutectoid alloy B was analysed in the as-cast
state for the sake of easier distinction between the eutec-
tic and eutectoid regions. The section of alloy B shown in
Fig. 7d, depicts both, eutectic and eutectoid regions. While
the eutectoid regions originate from former (Mo,Ti)3Si, the
eutectic regions solidify from the residual melt in interden-
dritic regions. Based on the colour levels of the STEM-EDX
mappings, a chemical composition difference in the eutectic
and eutectoid regions cannot be recognised. For further anal-
ysis, additional line scans were performed as summarised in
Table 3.

The focus is especially placed on the site-specific Ti content
in MoSS (MoSS in eutectic vs. eutectoid regions). The eutectic
and eutectoid reference alloys reveal a significant difference in
Ti content in MoSS of namely (38.9 ± 5.5) at% to (20.6 ± 0.3) at%,
respectively. In contrast, this difference is considerably dimin-
ished in the eutectic and eutectoid regions of the intermediate
alloy B. It was found that the MoSS comprises (25.5 ± 2.3) at%
and (28.0 ± 4.0) at% Ti in the eutectoid and eutectic regions,
respectively. Additionally, the M5Si3 silicide phases in both,
the eutectic and eutectoid regions in alloy B, reveal compara-
ble Ti and Mo  contents within the range of scatter. Although,
the M5Si3 silicides cannot be assigned to hexagonal Mn5Si3-
type D88 (Ti,Mo)5Si3 or tetragonal W5Si3-type (Mo,Ti)5Si3 solely
by these chemical compositions, it is likely that the Mo-
leaner M5Si3 phase is the hexagonal (Ti,Mo)5Si3 phase, as XRD
measurements confirmed (see Supp. 4). However, the transi-
tion from hexagonal (Ti,Mo)5Si3 to tetragonal (Mo,Ti)5Si3 still
remains under debate, as for instance, in alloy Mo–40Ti–30Si a
Mo content of 26.4 at% was reported in hexagonal (Ti,Mo)5Si3
which resembled the major phase [15]. The thermodynamic
pseudobinary (Ti,Mo)5Si3 – (Mo,Ti)5Si3 system calculated by
Bondar and Lukas in Ref. [31] assumes the existence of a
two-phase region of (Ti,Mo)5Si3 and (Mo,Ti)5Si3 when the Mo
content in (Ti,Mo)5Si3 exceeds approximately 18 at% at tem-
peratures near the liquidus. With decreasing temperature, a
decreasing Mo  content solved in (Ti,Mo)5Si3 is predicted. Yang
et al. concluded in Ref. [32], based on an isothermal section at
1600 ◦C, the maximum Mo  content in (Ti,Mo)5Si3 to be 12.5 at%
and the maximum Ti content in (Mo,Ti)5Si3 to be 40 at%. The
evaluation of the TEM diffraction pattern of the M5Si3 sili-
cides in alloy B only provided further verification within the
eutectic region (see Supp. 3e) as the hexagonal (Ti,Mo)5Si3 D88

crystal structure was ascertained. In contrast, within the fine-
structured eutectoid regions unambiguous identification of
the crystal structure was not possible.

The following graph (see Fig. 8) displays the volume frac-
tion of the respective phases/regions of the investigated alloys

in accordance with the nominal Ti content and the global
vs. local Ti content in MoSS. Generally, the volume fraction
of eutectic microstructure is decreasing with decreasing Ti
content. However, among the intermediate eutectic–eutectoid
phases/microstructural regions.

alloys A, B and D, the volume fraction of the eutectic is similar
within the scatter of data. Therefore, it is obvious that the vol-
ume  fraction of the eutectic does not have an influence on the
oxidation behaviour, as alloy A is pesting-resistant, while alloy
D is not. Nevertheless, the difference in Ti content in MoSS

(correlated to the nominal Ti content) is prominent through-
out all alloys and the threshold of Ti in MoSS for suppression
of pesting, assumed in our previous paper [5], is confirmed to
be 35 at%.

3.3.  Investigation  of  the  oxidation  behaviour  of  MoSS

In order to verify the influence of the Ti content in MoSS

on the oxidation behaviour, almost single-phase bcc MoSS

alloys with Ti contents varying from 20 to 50 at% were oxi-
dised in air at 800 ◦C. Thereby, alloy Mo–20Ti resembles the
‘worst case’ scenario of the composition of MoSS, whereas
alloy Mo–40Ti–3Si (Si partially enriched along the grain bound-
aries) represents the assumed promising composition with a
high Ti content and considerable Si content within the inves-
tigated Mo–Si–Ti alloy series. The observed mass change in
dependence of test duration at 800 ◦C is plotted in Fig. 9a
. Although all MoSS alloys suffer from severe pesting, it is
clearly demonstrated that the oxidation rate is significantly
reduced with increasing Ti content, as alloy Mo–20Ti oxidises
with −33 (mg/cm2)/h and alloy Mo–50Ti with −14 (mg/cm2)/h,
respectively. Moreover, if MoSS contains Si, the oxidation rate
is further retarded as is revealed by comparing alloy Mo–40Ti to
alloy Mo–40Ti–3Si with a reduction in the oxidation rate from
−19 (mg/cm2)/h to −14 (mg/cm2)/h (Mo–40Ti–3Si). Addition-
ally, the initially observed peak in weight gain decreases from
62 mg/cm2 (Mo–40Ti) to 32 mg/cm2 (Mo–40Ti–3Si). This initial
weight gain is likely to be caused by the formation of solid

Ti-rich oxides, which might be crack-free during the first few
oxidation cycles. Ongoing cyclic thermal impact might lead to
cracking of the Ti-rich oxides, which then allows accelerated
oxide formation of volatile MoO3 and consequent rapid mass
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Fig. 9 – Results of the cyclic oxidation experiments in air at 800 ◦C for selected MoSS alloys: mass change in dependence of
test duration for one representative sample for each alloy (three samples were  tested in total) (a), BSE micrographs of the
o 40Ti
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xidised samples after 1 h of alloy Mo-20Ti (b) and alloy Mo-

oss. Additionally, the Ti-rich and Si-containing MoSS does
ot disintegrate and the mass change stabilises after approx-

mately 20 h. In contrast, the MoSS alloy with only 20 at% Ti
s completely evaporated after 15 h. This is already seen in
he BSE micrographs of the oxidised samples after 1 h shown
n Fig. 9b and c. Mo–20Ti oxidises to volatile MoO3 which par-
ially re-deposits on the sample revealed by the less-adherent,
eedle-shaped Mo-rich oxide covering the sample discontinu-
usly (highlighted by white arrows in Fig. 9b). It is clearly seen
hat the substrate is significantly consumed during 1 h of oxi-
ation. At the substrate–air interface (below the re-deposited
o-rich oxide scale), a less than 10 �m thick Ti-rich oxide scale

s observed (highlighted by black arrows in Fig. 9b). In contrast,
lloy Mo–40Ti–3Si oxidises by inwardly growing, solid Ti-rich
xides which are highly porous (highlighted by black arrows
n Fig. 9c), likely caused by the simultaneous evaporation of

oO3 which also re-deposits moderately on the oxidised sur-
ace (highlighted by white arrows in Fig. 9c). However, the
ample stays intact and the former substrate surface is still
ecognised as such. The Si-enriched regions along the grain
oundaries do not exhibit specific oxidation characteristics.
owever, formation of pores possibly due to MoO3 evaporation

s observed along the grain boundaries.
The catastrophic oxidation behaviour of pure Mo is known

o be caused by the formation of volatile MoO3 at temperatures
f 500 ◦C and above [33]. In the case of Mo–Si alloys, monolithic

oSi2 with 66 at% Si only exhibits pesting-resistance under

ertain circumstances (density >95%, crack-free [33,34]), oth-
rwise complete disintegration at 500 ◦C is reported [35–37].
everal authors argue that local stresses, being caused by the
-3Si (c).

volume expansion due to local oxidation along pre-existing
cracks or grain boundaries, lead to cracking and disintegra-
tion of the substrate [36–38]. Thereby, oxidation of Mo  to MoO3

leads to a volume expansion of 340% and oxidation of Si to
solid SiO2 yields a volume expansion of up to 180% [36]. Pest-
ing was found to be suppressed when alloying Mo(Si,X)2 with
Al, Ti or Zr [38]. The suppression of pesting is attributed to
the higher affinity of the additional alloying elements to oxy-
gen compared to Si and to the formation of oxides with a
lower volume expansion than that of (pure) SiO2 [38]. In gen-
eral, the pesting phenomenon is influenced by the chemical
composition, impurities and the microstructure including its
defects [34,39]. The oxidation behaviour of Mo–Ti alloys has
not been reported so far. The present investigations on Ti-
containing MoSS indicate that there is no pesting-resistance
for up to 50 at% Ti, but significant reduction of MoO3 evap-
oration is achieved with increasing Ti content. The available
data on Mo–Si–O equilibria at temperatures around 800 ◦C is
described in detail in Ref. [41]. In contrast, only a small frac-
tion of the isothermal Mo–Ti–O section for high Ti-contents is
reported so far [42,43]. However, it is assumed that the fraction
of equilibrium MoO3 is reduced for the same O partial pressure
and similar Si or Ti contents when comparing Mo–Si and Mo–Ti
alloys. Therefore, the disturbance of oxide scale formation by
evaporation might be less pronounced in high Ti-containing
MoSS.
For comparison, M5Si3 silicides (M = Mo  or Ti, or both)
reveal pesting-stability. Thus, hexagonal (Ti,Mo)5Si3 compris-
ing 34.7 at% Ti and considerable amounts of Mo  (26.4 at%)
exhibits pesting resistance [15], as well as the tetragonal
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(Mo,Ti)5Si3 containing 23 at% Mo  and 40 at% Ti [30]. Although
monolithic Ti-/Mo-containing M5Si3 silicides were shown to be
pesting-resistant [15,30], the alloys investigated in the present
work only comprise 50 vol% silicide phases. Conclusively, the
superposition of the pesting-resistance of the (Ti,Mo)5Si3 and
the considerably reduced evaporation of MoO3 in high-Ti
containing MoSS results in the observed threshold of 43 at%
nominal Ti for pesting stability.

4.  Summary  and  conclusion

The eutectic Mo–Si–Ti alloy Mo–20Si–52.8Ti shows unexpected
outstanding oxidation behaviour even at 800 ◦C where typ-
ically pesting is observed in all other Mo(-Si)-based alloys
[4,10,40]. The fine-scaled microstructure composed of MoSS

and (Ti,Mo)5Si3 leads to formation of a very thin mixed
SiO2–TiO2 oxide scale upon cyclic exposure to 800 ◦C for
100 h. While nearly single-phase (Ti,Mo)5Si3 was shown to
be pesting-resistant by forming a SiO2 and TiO2 containing
oxide scale in Refs. [15,16], single-phase bcc MoSS undergoes
rapid oxidation by forming volatile MoO3. This is likely due to
the high Mo  concentration and the resulting high Mo activity.
Thereby, Ti-rich MoSS exhibits less severe pesting behaviour
due to the formation of TiO2 preventing complete consump-
tion of the substrate by evaporation of MoO3. Nonetheless,
the eutectic alloy does not suffer from significant mass loss,
which accounts for the assumption that MoO3 formation is
less dominant. This is in good agreement with the evalua-
tion of Obert et al. [5] where the individual contributions of
mass loss due to MoO3 formation and mass gain due to solid
oxide formation by oxidation of Ti and Si to the overall mass
change were addressed. However, the fine-scaled microstruc-
ture was found not to be mandatory in order to achieve an
adequate oxidation resistance, as an artificially coarsened,
globular microstructure exhibits comparable specific mass
change without detectable volatilisation of the MoSS regions.
Nonetheless, preferred selective inward oxidation of MoSS is
observed, while on top of the (Ti,Mo)5Si3 regions an outer thin
TiO2 scale is formed. Oxidation testing of eutectic–eutectoid
alloy series with systematic variation of the eutectic vol-
ume  fraction showed that also this fraction is not decisive
whether pesting can be suppressed or not. Alloy A and D with
approximately 50 vol% eutectic exhibited an adequate oxida-
tion resistance and suffered from pesting, respectively. With
the aid of the chemical composition of the respective phases,
it was revealed that the nominal Ti content and particularly
the Ti content in MoSS is determining the oxidation resistance.
With a minimum of 35 at% Ti in MoSS, pesting-resistance is
achieved in the multi-phase alloy. Thereby, the variation of
the local Ti content in MoSS in eutectic and eutectoid regions
of intermediate eutectic–eutectoid alloys was found to be
within the scatter of data. Conclusively, this article reveals
the microstructural and chemical requirements for pesting-
resistance. It is a combined effect of the oxidation-resistant
(Ti,Mo)5Si3 phase and the Ti-rich MoSS, which is less prone

to volatilisation. As the formed oxide scales are multi-phase
with complex morphologies, a detailed discussion of the oxi-
dation kinetics requests both, consideration of mass changes
and thickness evaluation. This includes nanoscale analyses
 0 2 0;9(x  x):8556–8567

on the influential factors on the prevalent kinetics, which is
beyond the scope of this article, but will be addressed in a
future study.
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