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1. Introduction

One possibility to decrease efficiency losses in high-temperature
applications, such as gas turbines, is to exchange the state-of-
the-art Ni-based superalloys with materials that do not require
additional internal cooling.[1,2] This can be realized by materials
that allow higher service temperatures while retaining high
mechanical strength, such as refractory metal alloys.[1,3] One
promising base material candidate among the refractory metals
is chromium.[4] Cr as a base material has a lower density and
higher melting temperature when compared to nickel, while
being abundant and reasonably priced.[5–7] Challenges in devel-
oping Cr-based alloys are mainly connected to high-temperature

mechanisms like fast nitridation, as well
as the spallation and evaporation of protec-
tive chromia layers above 1000 °C[8–10]

An often-discussed additional challenge
is the high ductile-to-brittle transition
temperature (DBTT) of Cr, which has been
linked to impurities and can be influenced
by alloying.[1,4,11,12]

Alloying Cr with 4–15 at% Si leads to the
formation of a two-phase microstructure
composed of an A2 (Crss) matrix and
nitridation-resistant A15 (Cr3Si) precipi-
tates,[13,14] resulting in increased mechani-
cal strength at high temperatures,[15,16]

higher oxidation resistance,[14] decreased
nitridation of A2, and lower volatilization
of chromia at 1200 °C.[14,17] With more
Si added to Cr, the A15 phase fraction
increases and thus the oxidation properties
improve. On the downside, additional Si
lowers the fracture toughness at low tem-
peratures,[15,18] which limits application
as structural material.

Alloying Mo as a ternary element results
in the substitution of Cr by Mo in both the A2 and A15 phases.[19]

Matrix coarsening resistance, solid solution hardening of A2,
further improvement of creep properties of the A15 phase,
and promoted SiO2 formation have all been attributed to Mo
alloying.[16,20] Adding up to 2 at% Mo resulted in an equal
distribution of Mo between the A2 and A15 phases and reduced
nitridation of the solid solution while further decreasing the
volatilization rate during exposure in air at 1200 °C.[20] Recent
studies showed that adding approximately 32 at% Mo to
Cr–13.5 at%Si fully suppressed nitridation.[21] Stability of the
system in the Mo pesting regime of 800 °C has also been
confirmed.[21] The ternary Cr–Mo–Si system is well described
in the literature.[22–24] Rudy et al. state that the Cr–Mo–Si system
contains a metastable σ phase (Cr0.39-0.57Mo0.29-0.47Si14).

[25] The
stability regime of the σ phase is under discussion,[22] which
is important because the formation of the σ phase can produce
cracks during processing and it is transformed into A2 and A15
when annealed at 1200 °C.[25]

This work systematically investigates the microstructure devel-
opment, phase formation, and high-temperature oxidation resis-
tance of arc-melted Cr-rich Cr–xMo–8Si alloys (x= 10–40 at%)
as a function of the Mo content and annealing temperatures.
The Si content was fixed at 8 at% in order to prevent initial
A15 phase formation in the as-cast (AC) arc-melted ingots and
to allow a reasonable fracture toughness. The AC state was com-
pared to the annealed (AN) state through determining phase
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The influence of Mo (10–40 at%) additions to Cr–8 at%Si is systematically
studied by analyzing arc-melted alloys in the as-cast and annealed state. The
oxidation resistance is tested by thermogravimetric analysis (TGA) at 1200 °C in
air for up to 100 h. Samples are characterized by X-ray diffraction, scanning
electron microscopy, and wavelength-dispersive X-ray spectroscopy. The studied
Cr–xMo–8Si alloy series shows a beneficial effect of Mo on the corrosion
behavior. For all of the investigated Mo contents, no nitridation is observed and
the oxide scale adhesion is improved. An increased amount of intermetallic
A15 phase leads to the formation of a SiO2 scale beneath the Cr2O3 layer during
high-temperature exposure. The internal SiO2 layer inhibits further internal
oxidation of the A15 phase. Uniform size and distribution of A15, benefits the
formation of a duplex oxide scale. Cr–25Mo–8 at%Si, shows the most promising
oxidation behavior. The TGA data follows the paralinear law, with both the
growth rate, kp, and volatilization rate, kv, of Cr2O3 being reduced by adding
10–25 at% Mo. A binary Cr/Mo–Si phase diagram is generated in order to
determine accurate annealing conditions and estimate the stability range of the
metastable σ phase.
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compositions and microstructures. Thermogravimetric analysis
(TGA) tests were performed in air at 1200 °C for up to 100 h to
evaluate the influence of varying Mo content in Cr–xMo–8Si
alloys on the oxidation resistance.

2. Results and Discussion

2.1. Microstructure and Phase Analysis

2.1.1. Arc-Melted Samples

X-ray diffraction (XRD) results of the AC Cr–xMo–8Si series are
depicted in Figure 1. All samples contain the cubic A2 phase of
Cr. As Mo is fully soluble in the A2 Cr phase and is the larger
atom,[19,26] increasing the Mo content leads to a shift in the A2
reflections to lower angles, corresponding to a larger LP. No pri-
mary precipitation of intermetallic (Cr,Mo)3Si phase (A15) phase
was observed in the Cr–8Si reference sample. For the 10 and
20 at% Mo samples, a slight indication for A15 phase was visible,
whereas the samples with 25 and 40 at% Mo show the formation
of σ phase instead.

These results are confirmed by WDSmeasurements (Table 1).
For 20, 25, and 40 at%Mo, two A2 phases were observed: “A2_B”
is richer in Mo and poorer in Si than the “A2_A.” This segrega-
tion within the A2 explains the increasing broadening of the XRD
reflection of the Cr solid solution.

EPMA maps of the Cr–xMo–8Si series (Figure 2) show the
semiquantitative distribution of elements in the microstructure.
Note that the A15 phase is not present in these images due to the
very minor amount present in only the 10 and 20 at% Mo sam-
ples. An increased Mo content in the Cr–xMo–8Si system leads
to increasing inhomogeneity in the elemental distribution. For
10 at% Mo, the distribution of all elements appears homoge-
neous, while the 20–40 at% Mo samples show increasing segre-
gation, as reflected in the broadening of the A2 reflection
(Figure 1) and the two types of A2 reported in Table 1. Strong
dendritic solidification is observed for Mo contents of 25 and
40 at%, where the σ phase is present. Mo is preferably enriched
in Si-poor areas, which is the location of A2 phase.

2.1.2. Annealed States

The two types of anneals that were performed were under the
same Ar/5%H2 atmosphere for the same duration of 100 h
and were both followed by a water quench (Q); thus, the only
difference was the temperature of 1200 °C or 1350 °C.
Figure 3 shows the diffractograms and calculated LPs for the
1200 and 1350 °C anneals of the Cr–xMo–8Si series. After
annealing at 1200 °C for 100 h, all samples of the Cr–xMo–8Si
series showed formation of the A15 phase in addition to the
A2 solid solution. The formerly visible σ phase decomposed to
A15 and A2 in both cases, which is in line with the suggested
phase diagram presented in ref. [22]. For the anneal at 1350 °C,
the behavior is similar except for the sample containing 40 at%
Mo. For 40 at% Mo, some A15 did form but the σ phase
remained, suggesting the stable regime of the σ phase is in line
with the ternary diagram for Cr–Si–Mo at 1300 °C in ref. [22].

The calculated LPs of the A15 and A2 phases are plotted
against the Cr/Mo ratio (as determined by WDS) in Figure 3c.
The LP of the A2 phase ranges from a minimum 2.92 Å
(Cr–xMo–8Si with x= 10 at%) to a maximum of 3.02 Å
(Cr–xMo–8Si with x= 40 at%), whereas the LP for the A15 phase
varies between 4.62 and 4.72 Å. Interestingly, in both cases an
increase of about 0.1 Å results for the same overall increase in
Mo content (Cr–xMo–8Si with 10 vs 40 at% Mo), even though
theMo contents in the respective phases are not the same (higher
in A2 than in A15, see Section 2.1.3). After both anneals, the LPs
of the A2 phases are consistent with the literature data.[19,27]

Microstructural observations (see Section 2.1.3) of both
anneals (1200 and 1350 °C) show that for the lower 1200 °C
anneal and the samples with Mo contents ≥25 at%, the strongly
pronounced dendritic microstructure from the AC condition
determines the regions where the A15 phase formed (predomi-
nantly in the formerly Si-rich areas). The overall distribution of
the A15 phase is thus inhomogeneous. For Mo contents
≤20 at%, A15 precipitation along the grain boundaries is
dominant. The A15 precipitates inside the grains are also rather
irregularly spread. For the higher 1350 °C anneal, the A15 pre-
cipitates coarsened and were overall fewer in quantity, but wereFigure 1. XRD of AC states of the Cr–xMo–8Si alloy series.

Table 1. EPMA/WDS quantitative measurements of the observed phases
in the AC states.

Nominal composition Phase Cr [at%] Mo [at%] Si [at%]

Cr–10Mo–8Si A2 82.9 1.4 10.0 0.3 7.0 1.2

A15 70.0 0.2 11.2 0.2 18.8 0.4

Cr–20Mo–8Si A2_A 74.5 0.4 18.2 0.2 7.3 0.5

A2_B 74.8 0.3 19.0 0.3 6.3 0.5

A15 65.4 0.2 17.4 0.2 17.2 1.4

Cr–25Mo–8Si A2_A 68.1 1.0 25.1 1.3 6.8 1.0

A2_B 66.2 1.0 28.6 1.4 5.2 0.5

σ 64.1 0.8 23.0 0.8 13.0 0.6

Cr–40Mo–8Si A2_A 52.6 3.1 42.1 3.7 5.3 0.7

A2_B 45.0 1.6 51.6 1.9 3.4 0.4

σ 56.7 2.0 31.0 2.9 12.3 1.1
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more homogeneous in size and distribution, especially for
Cr–25Mo–8Si. Grain boundary precipitation of the A15 phase
was observed for 10 and 20 at% Mo after the 1200 °C anneal,
while this effect was only dominant for the 10 at% Mo sample
after the 1350 °C anneal. An increased Mo content appears to
reduce the grain boundary precipitation of A15. Similar effects
have been described in refs. [16,28] for low Mo contents of 2 at%.
Higher temperature annealing provides the additional benefit of
reducing grain boundary precipitates.

Using phase compositional data from wavelength-dispersive
X-ray spectroscopy (EPMA/WDS), the influence of the Mo con-
tent on the Mo distribution inside the phases, the Si solubility,
and the overall amount of A15 phase was analyzed (Figure 4a–c).
The distribution coefficient, k, was calculated via Equation (1):

k ¼ cMoðA15Þ
cMoðA2Þ

(1)

It can be seen even though Mo is present in both phases
(A2 and A15), Mo is preferably enriched in the A2 phase and this
effect increases with increasing Mo content and is stronger for
the lower 1200 °C anneal (Figure 4a). The Si solubility decreases
linearly in both phases with increasing Mo content (Figure 4b).
This leads to an increasing amount of intermetallic A15 phase
with increasing Mo content (Figure 4c). One extra sample
containing 35 at% Mo was produced and added to the 1200 °C
anneal to confirm that a plateau is approached at around 35 area
percent of A15 due to the limited overall Si content (8 at%).

The proportion of the A15 phase is strongly reduced in
Cr–40Mo–8Si due to the presence of the σ phase.

2.1.3. Quasibinary Cr/Mo – Si Phase Diagram

To gain a better understanding of annealing conditions for
arc-melted Cr–xMo–8Si samples, the WDS data (Table 2)
were used to develop a quasibinary Cr/Mo–Si phase diagram
(Figure 5). For this purpose, a third annealing at 1450 °C was
performed and Si solubilities of A2 and A15 phases were added
and compared to the literature data for the Cr–Si and Mo–Si
binary phase diagrams.

A stable regime of the σ phase was observed for 25 and 40 at%
Mo at 1450 and 1350 °C, respectively. Increasing the Mo content
in Cr–xMo–8Si shifts the phase boundary between the A2 single-
phase field and the A2þ A15 regime, as well as between the
A15þ A2 and A15 single-phase field, to lower Si contents when
compared to the Cr–Si system.

To further improve the distribution of the intermetallic A15
phase inside the solid solution A2matrix, a two-step precipitation
hardening anneal would likely be beneficial. This type of anneal
consists of a homogenization step at high temperature, entering
the single-phase field (A2) and adding a precipitation anneal at a
lower temperature (two-phase field of A2þ A15). For the studied
alloy series, temperatures of >1600 °C would be necessary to
enter the single-phase field, which can result in rather strong
Cr evaporation during the anneal. Also due to uncertainty about

Figure 2. EPMA/WDS maps of AC states of the Cr–xMo–8Si alloy series.
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Figure 4. Influence of Mo content on the a) Mo distribution, b) Si solubility, and c) amount of A15 phase.

Figure 3. a) XRD after 1200 °C anneal; b) XRD after 1350 °C anneal; and c) LPs of A2 and A15 phases as a function of the Cr/Mo ratio including the
trendlines for the literature data of refs. [19,27].
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where σ phase is stable, a higher temperature anneal might lead
to an A2þ σ phase mixture instead of single-phase A2. An alter-
native way to address even A15 distribution without heat treat-
ment >1600 °C could be the development of a powder
metallurgical production route for these kinds of alloys.

2.2. High-Temperature Corrosion Behavior in Air

2.2.1. Adhesion of Oxide Layer Versus Composition

The results of oxidation exposures of samples annealed at
1350 °C are visible in Figure 6. The macroimages of the alloy
series exposed at 1200 °C in static laboratory air for 50 h are com-
pared with a second experiment of cuboids exposed at 1200 °C in
flowing dry synthetic air for 100 h.

Note that the difference in shape and size of the cuboids (espe-
cially the bottom row of Figure 6) is due to manufacturing and
not due to oxidation effects. For the 50 h exposure, the reference
sample without Mo is the only sample showing severe spallation
of the dark gray oxide that formed. All Mo-containing samples
showed no obvious spallation except for some regions near
the edges of the cuboids. XRD identified the dark gray oxide
as Cr2O3.

For the 100 h exposures in flowing air, not only the reference,
but also the 10 and 20 at% Mo compositions show some spall-
ation of the oxide, while the 25 and 40 at% Mo alloys do not show
any spallation. As the cuboids with 10 and 20 at% Mo did not
show sudden mass decrease during the exposure duration, it
is likely that the rather harsh cooling conditions in flowing air
lead to spallation.

These results suggest that Mo has a positive influence on the
adhesion of the formed oxide layer as the alloys containing 25 at%
Mo or more did not show spallation during the experiments.
Chromia scales are known to contain compressive stresses that
lead to buckling and spallation, especially when grown on pure
Cr.[17,29–31] This has been linked to the formation of a duplex
oxide of outward growing columnar chromia grains and inward
growing equiaxed chromia grains in oxidizing atmospheres,
where the new oxide forms within the scale and creates such
stresses.[32,33] It is assumed that detachment of the external
and internal part of the oxide scale occurs during cooling, caus-
ing spallation.[32] The addition of Mo alters this scale growth
mechanism and leads to lower stresses in the scale, either by dop-
ing or the creation of free volume by Mo volatilization. In either
case, it prevents scale spallation.

Table 2. WDS analysis of investigated samples.

Nominal Phase Ar/5%H2–1200 °C–100 h–Q

Cr [at%] Mo [at%] Si [at%] Cr/Mo Area [%]

Cr–8Si All 92.0 0.1 – – 8.0 0.1 – – 100

A2 95.4 0.2 – – 4.6 0.2 – – 81.0 2.0

A15 77.5 0.1 – – 22.5 0.1 – – 19.0 0.8

Cr–10Mo–8Si All 82.1 0.1 10.0 0.1 7.9 0.1 8.20 0.01 100

A2 85.9 0.1 10.1 0.1 4.1 0.1 8.53 0.01 77.5 2.0

A15 69.2 0.1 9.8 0.1 21.0 0.1 7.03 0.01 22.5 1.1

Cr–20Mo–8Si All 73.6 0.1 18.6 0.1 7.8 0.1 3.95 0.01 100

A2 77.4 0.1 19.1 0.1 3.5 0.2 4.05 0.01 74.2 2.0

A15 62.7 0.1 17.1 0.1 20.2 0.1 3.66 0.01 25.8 1.6

Cr–25Mo–8Si All 66.4 0.1 25.7 0.1 7.9 0.1 2.58 0.00 100

A2 69.8 0.1 27.2 0.1 3.0 0.2 2.57 0.01 71.6 2.0

A15 57.9 0.1 22.0 0.1 20.1 0.1 2.64 0.01 28.4 0.9

Cr–40Mo–8Si All 52.4 0.1 39.4 0.1 8.2 0.2 1.33 0.00 100

A2 53.1 0.1 44.7 0.1 2.2 0.3 1.19 0.01 64.8 2.0

A15 51.0 0.1 29.7 0.1 19.3 0.2 1.72 0.01 35.2 2.0

Nominal Phase Ar/5%H2–1350 °C–100 h–Q

Cr [at%] Mo [at%] Si [at%] Cr/Mo Area [%]

Cr–8Si All 91.9 0.1 – – 8.1 0.1 – – 100

A2 93.8 0.1 – – 6.2 0.1 – – 87.7 2.0

A15 78.1 0.1 – – 21.9 0.1 – – 12.3 1.4

Cr–10Mo–8Si All 81.9 0.1 10.0 0.1 8.0 0.1 8.17 0.01 100

A2 84.7 0.1 10.1 0.1 5.2 0.1 8.38 0.01 81.9 2.0

A15 69.5 0.1 9.7 0.1 20.7 0.1 7.16 0.01 18.1 1.2

Cr–20Mo–8Si All 73.3 0.1 18.4 0.1 8.3 0.1 3.99 0.01 100

A2 76.5 0.1 18.7 0.1 4.7 0.1 4.08 0.01 76.7 2.0

A15 62.8 0.1 17.1 0.1 20.1 0.1 3.66 0.01 23.3 1.0

Cr–25Mo–8Si All 67.2 0.1 24.8 0.1 8.1 0.1 2.71 0.01 100

A2 70.1 0.1 25.5 0.1 4.3 0.2 2.74 0.01 75.6 2.0

A15 58.1 0.1 22.3 0.1 19.6 0.1 2.60 0.01 24.4 1.6

Cr–40Mo–8Si All 53.1 0.7 38.3 0.7 8.6 0.7 1.38 0.03 100

A2 56.0 0.1 40.6 0.1 3.4 0.1 1.38 0.01 53.5 4.0

A15 48.7 0.1 30.7 0.1 20.6 0.1 1.59 0.01 12.9 6.0

σ 50.0 0.8 37.6 0.8 12.4 0.5 1.33 0.04 33.6 4.0

Nominal Phase Ar/5%H2–1450 °C–20 h–Q

Cr [at%] Mo [at%] Si [at%] Cr/Mo Area [%]

Cr–10Mo–8Si All 81.9 0.1 10.0 0.1 8.1 0.1 8.18 0.01 100

A2 83.3 0.2 10.1 0.1 6.6 0.2 8.28 0.01 89.6 2.0

A15 69.8 0.1 9.6 0.1 20.6 0.2 7.31 0.01 10.4 1.0

Cr–20Mo–8Si All 72.2 0.0 19.8 0.1 7.9 0.1 3.64 0.01 100

A2 74.0 0.1 20.1 0.1 5.9 0.2 3.69 0.01 85.9 2.0

A15 61.5 0.2 18.5 0.1 20.0 0.3 3.33 0.01 14.1 1.5

Cr–25Mo–8Si All 61.7 0.1 30.0 0.2 8.3 0.3 2.05 0.01 100

A2 65.4 0.2 29.3 0.1 5.3 0.1 2.23 0.01 61.1 2.0

A15 54.9 0.2 25.4 0.3 19.7 0.7 2.16 0.02 2.5 4.0

Table 2. Continued.

Nominal Phase Ar/5%H2–1450 °C–20 h–Q

Cr [at%] Mo [at%] Si [at%] Cr/Mo Area [%]

σ 55.8 0.1 31.7 0.1 12.5 0.1 1.76 0.00 36.4 2.0

Cr–40Mo–8Si All 54.5 0.0 38.1 0.1 8.4 0.1 1.43 0.00 100

A2 56.8 0.1 38.8 0.2 4.3 0.3 1.46 0.01 49.8 2.0

σ 51.1 0.1 36.7 0.2 12.2 0.3 1.39 0.01 51.2 2.0
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2.2.2. Cross Sections—Exposure in Static Laboratory Air at
1200 °C for 50 h

Electron images and EPMA/WDSmaps of surface cross sections
of oxidized regions of the arc-melted cuboids annealed at 1350 °C
and exposed at 1200 °C in static laboratory air for 50 h are
depicted in Figure 7.

The elemental distributions (Figure 7) show that the Cr–8Si
reference is the only sample that formed a nitrogen-rich subsur-
face phase. Due to spallation of chromia in most areas, XRD

could confirm that Cr2N formed in the subsurface zone. The
alloys containing Mo annealed in laboratory air for 50 h at
1200 °C did not show any nitridation of the Cr solid solution
as compared to Cr–8Si. Mo contents ≥10 at% in Cr–xMo–8Si
fully inhibit nitridation of the A2 matrix. Apart from formation
of a 10� 2 μm chromia layer, the elemental maps of Figure 7
show internal oxidation of the former A15 precipitates, especially
for 10 and 20 at% Mo. Spot measurements from WDS suggest
A15 oxidizes to SiO2. The A15 phase does seem to be nitridation
resistant, but is internally oxidized for Mo contents below 25 at%.

Figure 5. Graphical estimation of the quasibinary phase diagram of Cr/Mo-Si based on the studied alloys including Mo–Si and Cr–Si data from
refs. [13,39] (l.); microstructures of the studied alloys after arc melting and varying anneals (r.).

Figure 6. Cuboids after exposure at 1200 °C in static and flowing air for 50 and 100 h.
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For the 10 and 20 at% Mo samples, a very similar behavior is
observed but the internal oxidation depth is increased and the
thickness of the chromia layer is decreased as compared to
the reference sample as summarized in Table 3. It should be
noted that the images shown in Figure 7 are not the only ones

used for determination of the average scale thicknesses and
oxidation depths. The A2 phase is Si depleted in the interdiffu-
sion zone, which is especially visible for 0 to 20 at% Mo in
Figure 7. Surprisingly, Cr–25Mo–8Si shows almost no internal
oxidation of the A15 phase, but a rather thick continuous
chromia layer. However, 40 at% Mo shows not only outward
growing chromia, but also inward growth of the oxide, separated
by discontinuous SiO2 particles that likely developed out of for-
mer A15 phase precipitates. Cr–40Mo–8Si overall shows the
thickest chromia scale (23� 5 μm) and a rather low internal oxi-
dation depth of A15 when compared to the reference sample
without Mo.

Mo is strongly enriched in the layer beneath the oxide scale,
forming a Mo-enriched A2 phase. The outer chromia oxide layer
thickness increases with increasing Mo content, while the pene-
tration depth of the internal oxidation (A15! SiO2) decreases
simultaneously.

The exceptionally good oxidation behavior of Cr25–Mo–8Si
can be explained through a closer examination of the subscale
beneath the chromia layer (Figure 8). Negligible internal oxida-
tion occurs, and instead a continuous SiO2 subscale forms
beneath the chromia layer. There appears to be a threshold of
Mo content that increases the Si activity to a degree where Si out-
ward diffusion is faster than O inward diffusion, and thus, ini-
tially a dense SiO2 layer below the Cr2O3 layer is able to form. In
addition to the increase in Si activity, however, a minimum

Figure 7. Surface cross-sectional electron microscope and EPMA/WDSmaps of oxidized regions of varying Mo-content samples annealed at 1350 °C and
exposed to static laboratory air at 1200 °C for 50 h.

Table 3. Chromia thickness and internal oxidation depth of A15 phase in
Cr–xMo–8Si after exposure at 1200 °C for 50 h in static laboratory air.

Nominal composition Anneal
T [°C]–100 h–Q

Exposure at 1200 °C in static air for 50 h

Chromia scale
thickness d [μm]

Internal oxidation
depth [μm]

Reference Cr–8Sia) 1200 10� 2 44� 9

Cr–10Mo–8Si 1200 7� 3 81� 6

1350 6� 1 87� 6

Cr–20Mo–8Si 1200 13� 1 47� 4

1350 6� 1 80� 2

Cr–25Mo–8Si 1200 12� 2 16� 3

1350 11� 1 1� 4

Cr–40Mo–8Si 1200 21� 3 38� 9

1350 23� 5 18� 1

a)Nitridation of A2 and strong spallation of chromia observed.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 2301906 2301906 (7 of 11) © 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202301906 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [14/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


fraction of A15 phase must be present and the precipitates
must be within a certain proximity to each other in order to create
this continuous SiO2 layer. Figure 8b shows the oxide scale
formed on a Cr–25Mo–8Si sample previously annealed at
1200 °C with a less homogenous distribution of the A15 phase.
During oxidation at 1200 °C in air, this leads to the formation of
discontinuous SiO2 and thus also internal oxidation of A15
occurred. So, not only the composition, but also the annealing
conditions have a large influence on the oxidation behavior of
Cr–25Mo–8Si.

2.2.3. Thermogravimetric Analysis (Air–1200 °C–100 h)

Themass changes during exposure at 1200 °C in dry synthetic air
for 100 h are plotted in Figure 9a. The Cr–8Si reference sample
suffers from breakaway oxidation, as also described in ref. [34],
after around 95 h and reaches an overall mass gain of 3.4mg cm�2

after 100 h. The mass gain is lower for Mo-containing samples
and reaches 3.1mg cm�2 for Cr–10Mo–8Si, 2.3mg cm�2 for
Cr–20Mo–8Si, and only 1.5mg cm�2 for Cr–25Mo–8Si. All curves
up to 25 at% Mo initially show a parabolic growth rate and then

Figure 8. Scanning electronmicroscopy images and EPMA/WDSmaps of surface cross sections of oxidized Cr–25Mo–8Si (static air, 1200 °C for 50 h) for
two different anneals: a) 1350 °C and b) 1200 °C.

Figure 9. a) Mass changes and b) calculated parabolic (kp) and c) volatilization rate (kv) for exposures at 1200 °C for 100 h in flowing dry synthetic air.
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change to paralinear behavior. The Cr–40Mo–8Si alloy shows
continuous mass loss, reaching �2mg cm�2. The trend is not
perfectly linear and hints at a rather complex process of oxide
formation and volatilization of likely more than one species.

Besides some MoO3 evaporation, the chromia scale can form
the volatile oxide CrO3 (Equation (2)) at the investigated temper-
ature.[10,35] Thus, the mass gain of the specimens can be
described by a parabolic growth rate, kp, and a linear volatilization
rate, kv. Therefore, the paralinear law depicted in Equation (3)
was used to fit all of the mass gain curves and determine values
of kp and kv as included in Figure 9b,c. The origin of the para-
linear law used here is described in ref. [10].

Cr2O3 þ
3
2
O2ðgÞ ¼ 2CrO3ðgÞ (2)

Δm
A

¼
ffiffiffiffiffiffi

kpt
q

� kvt (3)

The calculations show that the parabolic growth rate of the
oxides decreased with increasing Mo content (Figure 9b).
While the reference Cr–8Si shows a kp of 0.4953mg2 (cm4 h)�1,
it decreases to 0.2474mg2 (cm4 h)�1 for 25 at% Mo.
Correspondingly, Table 3 confirms that the chromia thicknesses
decrease for specimens containing 10–20 at% Mo. For
Cr–25Mo–8Si, the chromia layer has a similar thickness as the
Cr–8Si reference (Table 3), but the internal oxidation of A15 was
inhibited and thus an overall lower kp value is reasonable. Trying
to use the paralinear fit for the Cr–40Mo–8Si alloy does not allow
for good agreement with the cross sections and a reasonable
value for kp. The cross sections showed that the chromia layer
is the thickest for this composition, while the calculated kp
has the lowest value of 0.004mg2 (cm4 h)�1. As this composition
is the only one showing strong continuous mass loss, it is likely
that not only chromia is evaporating but also large amounts of
MoO3 are also volatilizing due to the high Mo content.
Additionally, some internal oxidation is evident. So, for the
Cr–40Mo–8Si composition volatilization dominates the oxidation
mechanisms and the paralinear law for the description of oxide
growth kinetics cannot be used.

The volatilization rate, kv (Figure 9c), for the reference
sample Cr–8Si is 0.0414mg (cm2 h)�1. It decreases for the Mo-
containing samples to 0.0293, 0.0309, and 0.0369mg (cm2 h)�1

for 10, 20, and 25 at% Mo, respectively. These values are higher
than for other non-Mo-containing chromia forming alloys like,
e.g., Ni–40Cr, which are around 0.0145–0.0149mg (cm2 h)�1

described in refs. [36,37].
The oxide growth kinetics and adherent oxide scales of the

Cr–xMo–8Si alloys (x= 10, 20, and 25 at%) show high potential
for a new class of lightweight refractory alloys for high-
temperature applications. Especially worthwhile of further devel-
opment is the Cr–25Mo–8Si alloy with extremely low mass gain
and continuous SiO2 subscale formation, preventing internal
oxidation. Future investigations will include long-term exposures
up to 1000 h to see if the Mo-enriched layer beneath the duplex
oxide scale remains stable, or will lead to spontaneous failure due
to formation of MoO3. The keys to future work within this class
of alloys will be avoiding σ phase formation and ensuring uni-
form distribution of the A15 phase, while perhaps lowering
the DBTT which was not addressed in this work.

3. Conclusions

Mo additions of up to 25 at% to Cr–8Si change the microstruc-
ture of annealed arc-melted alloys and have a beneficial effect on
the oxidation behavior at 1200 °C in air.

Microstructural summary: 1) Mo is present in both A2 and
A15 phases but is preferably enriched in A2. This effect increases
with increasing Mo content. 2) Grain boundary precipitation of
A15 phase is reduced for increased Mo contents and increased
annealing temperature. 3) Increasing the amount of Mo leads to
decreased solubility of Si in both phases (A2þ A15) and thus
leads to an increasing amount of A15 phase. 4) Higher tempera-
ture anneal (1350 °C vs 1200 °C) of arc-melted alloys leads to less
and coarser, but overall more evenly distributed, A15 precipi-
tates. 5) A binary Cr/Mo–Si phase diagram was developed for
the alloy series including an estimation of the stability range
of the metastable σ phase.

Oxidation properties at 1200 °C in air: 1) For all investigated
Mo contents, nitridation of the A2 solid solution was fully inhib-
ited. 2) The oxide scale adhesion was improved by Mo addition.
For Mo >25 at%, no spallation was observed. 3) Below a certain
phase fraction and distribution, the A15 phase is prone to inter-
nal oxidation. 4) An increased amount of A15 can lead to the for-
mation of a continuous SiO2 scale beneath the Cr2O3 external
oxide layer. The continuous internal SiO2 layer prevents further
internal oxidation of the Si in the A15 phase. 5) Evaluation of
TGA data using the paralinear law suggests that the parabolic
growth rate, kp, and volatilization rate, kv, of Cr2O3 are reduced
by adding 10–25 at% Mo.

A predictable and stable oxidation behavior was achieved for
Cr–25Mo–8Si. Nitridation of the solid solution phase and inter-
nal oxidation of the intermetallic A15 phase were inhibited dur-
ing exposure up to 100 h at 1200 °C in flowing synthetic air,
making the Cr–25Mo–8Si composition of great interest for fur-
ther study.

4. Experimental Section

Synthesis of the Alloy: Chromium (Cr> 99.95 wt%, PLANSEE), silicon
(Si> 99.999 wt%, GfE), and molybdenum pieces (Mo> 99.97 wt%,
PLANSEE) were used to produce a CrMoSi alloy series (Mo= 10–40 at%
and Si= 8 at%) via arc melting. The overall mass of each produced ingot
was 7 g (resulting in ellipsoidal buttons of ca. 15� 10� 8mm). The ele-
ments were weighed with a high precision balance (Mettler Toledo
XP205DR/M), with a deviation of 1 mg of the calculated mass. To com-
pensate for Cr loss during the arc melting process, 1 wt% excess Cr was
added to each composition. A mini arc melting system MAM-1 (Edmund
Bühler GmbH) was used to perform the arc melting process. The ingots
were produced on a water-cooled Cu crucible using a nonconsumable
tungsten electrode. The melting chamber was alternately evacuated and
purged with Ar 5 times before melting. Also, Zr was melted twice before
melting the actual sample to get any residual oxygen in the chamber.
In a first step, Cr and Mo were prealloyed and subsequently Si was added.
The ingots were remelted at least 5 times and flipped each time to ensure
homogeneity.

Annealing: Annealing of the arc-melted samples was performed to
1) homogenize any concentration gradients and 2) achieve uniform for-
mation of (Cr,Mo)3Si precipitates inside the (Cr,Mo)-solid solution matrix.
All anneals were performed in a tube furnace (Carbolite type STF 14/450)
in a flowing Ar/5 vol%H2 atmosphere using an alumina tube. The samples
were placed in an alumina crucible. A second crucible was used containing
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Ti chips to get residual oxygen during the anneal. All samples were rapidly
quenched in water after the desired annealing time was achieved, resulting
in brief exposure to air while hot. This oxidized layer was ground off before
further analysis or exposure. Microstructures resulting from annealing
temperatures of 1200 and 1350 °C (for 100 h) were compared. To further
investigate the stability range of the σ phase, an anneal at 1450 °C (for
20 h) was also included.

Microstructure and Phase Analysis: For microstructure and phase
analysis of the AC and AN states, as well as after oxidation, samples were
embedded in a graphite-filled phenolic mounting compound, using a hot
press (25 kN, 180 °C, 7 min). Prior to embedding, the oxidized samples
were coated with an Au layer (≈4 nm) by plasma vapor deposition and
afterward Ni-plated using an electrochemical bath. The embedded
samples were ground using P320, P500, P800, P1200, and P2400 grit
SiC paper with water before final polishing with 3 μm and 1 μm diamond
suspensions and a lubricant consisting of ethylene glycol, ethanol, and
isopropyl alcohol.

XRD (Bruker D8 Advance) and the “ICDD” materials database
were used to identify the phases and determine the lattice parameters
(LPs) of the cubic (Cr,Mo)-solid solution and the intermetallic
(Cr,Mo)3Si phase. The XRD system was equipped with a Cu cathode as
the X-ray source using a Ni filter to block the kβ-line of Cu. Absorption
correction for thick samples was performed as described in ref. [38].
A z-scan was performed before every measurement to minimize the
z-position error.

Electron microscopy (Hitachi FlexSEM 1000II) was used to generate
back-scattered electron (BSE) images of the microstructures and
wavelength-dispersive X-ray spectroscopy (WDS) was used to measure
the overall and local phase compositions and generate semiquantitative
elemental distribution maps. The BSE images and the software
“ImageJ.JS” were used to determine the fractions of the different phases.
The phase compositions of all samples were determined using at least ten
WDSmeasurements per phase. The overall composition was calculated by
taking into account the observed area fraction of each phase as deter-
mined via “ImageJ.” In the case of a single-phase material, the overall com-
position was determined using a WDS grid measurement and averaging
over 121 points.

High-Temperature Exposure and Thermogravimetry: To investigate and
compare the oxidation and nitridation behavior of the alloys, annealed
cuboids (ca. 4� 4� 3.5mm3), cut by electrical discharge machining
and then ground using SiC paper up to P1200 grit, were exposed in a
box furnace (Nabertherm HTC 03/15) in static laboratory air at
1200 °C. Prior to the exposure the cuboids were ultrasonically cleaned with
acetone and isopropyl alcohol. The ramp from RT to 1200 °C was
10 Kmin�1 and the samples were furnace cooled after 50 h.

To follow mass changes accurately, samples annealed at 1350 °C in
Ar/5%H2 for 100 h and then quenched were additionally measured in a
TGA system in flowing (205 cm h�1) dry synthetic air (80% N2, 20% O2)
at 1200 °C (Furnace Nabertherm type HT 04/17). The mass change was
continuously measured (Precision balance M25D-V, Sartorius) during the
100 h high-temperature exposure with one weight measurement per min-
ute. The samples were connected to the balance via a vertical hanging
sample holder system consisting of Pt wire and alumina tubes placed
in the tube furnace. The linear Pt volatilization was taken into account
by performing a reference measurement (empty sample holder) before
loading the actual sample. The ramp rate was adjusted to prevent exceed-
ing 1200 °C (RT to 1100 °C at 15 °Cmin�1, 1100–1190 °C at 10 °Cmin�1,
and 1190–1200 °C at 5 °Cmin�1). After 100 h exposure at 1200 °C, the fur-
nace was shut down and the sample was furnace cooled under continuing
gas flow. Reproducibility was confirmed by repeating most of the
experiments.
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