REVIEW

W) Check for updates

ENGINEERING

www.aem-journal.com

Oxidation-Resistant Environmental Barrier Coatings for

Mo-Based Alloys: A Review

Caren Gatzen,* Iryna Smokovych, Michael Scheffler, and Manja Kriiger

Molybdenum-based materials offer high melting temperatures and promising me-
chanical properties; therefore, they are potential candidates for high-temperature
components, such as turbine blades. However, at temperatures above 700 °C,
molybdenum suffers from severe pesting phenomenon, leading to decomposi-
tion of the component. Therefore, oxidation-resistant environmental barrier
coatings are crucial to prevent the material from degradation and to maintain its
excellent mechanical properties at high temperatures. This review provides a
detailed overview on the different coating concepts for Mo and Mo-based alloys.

1. Introduction

1.1. New Materials for High-Temperature Components

High-temperature processes and applications, such as aerospace
and land-based gas turbine engines, are continuously optimized
to achieve maximum efficiency. The efficiency can be increased
by increasing the maximum service temperature of the engine.
Nowadays, nickel-based superalloys with the melting tempera-
tures around 1350°C are used in the hottest engine parts.!"]
Using complex cooling systems and thermal barrier coatings
(TBCs), the surface temperature of the component was increased
to 1150 °C.”2! Nevertheless, further temperature increase is not
possible as the melting temperatures of the superalloys limit
the service temperature. Moreover, the complex cooling leads to
a drastic loss of efficiency. Therefore, there is a need for new
materials with high melting temperatures and excellent mechan-
ical properties.!'!

New materials for turbine components should provide high
melting temperatures, high tensile strength, sufficient ductility,
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and low creep rates to replace the nickel-
based superalloys. Furthermore, the mate-
rials are exposed to aggressive combustion
gases and need to be resistant to oxidation
and corrosion. As Perepezko!” showed,
operation at 1300 °C without complex cool-
ing systems could increase output power by
almost 50%. According to the Johnson rela-
tion, operation without cooling system and
TBC requires the melting temperatures of
at least 2500°C.1! A further advantage of
materials with high melting temperatures
is the fact that they usually have low creep
rates, which is favorable for turbine components.!

There is only a limited number of ceramics, intermetallic com-
pounds, and refractory metals, which offer the melting temper-
atures above 2500 °C. Brittleness is a major problem with single
components made of ceramics or intermetallic phases. In con-
trast, refractory metals, such as molybdenum, offer sufficient
ductility and high melting temperatures (2623 °C")). However,
an important drawback is the catastrophic oxidation behavior
of Mo-rich alloys at intermediate temperatures. Therefore, this
article will give an overview of the oxidation mechanisms of
Mo and Mo-based alloys and the evaluation of different protective
coating concepts.

1.2. Mo Pesting

In oxidizing environments, most metals form protective oxide
scales on the surface, which slow down further oxidation.
Molybdenum also oxidizes at elevated temperatures in the pres-
ence of oxygen. Unfortunately, this oxide layer is non-protective
as MoOj3 sublimates at the temperatures around 730 °C.[°! This
leads to a severe weight loss and degradation of the component.

Compared with pure molybdenum, molybdenum silicides
offer higher oxidation resistance, because a protective silica scale
is formed on the surface; however, their melting temperatures
are somewhat lower (>2000°C")). The formation of the silica
scale can be enhanced by the addition of boron, leading to the
formation of a protective glassy borosilicate layer on the surface.
Studies showed that the addition of boron drastically influences
the oxidation behavior of Mo-Si alloys.’®! The steady-state oxida-
tion rates (20-100h, without initial weight loss) of different
Mo-Si-B alloys with varying B/Si ratio are shown in Figure 1.
As shown in Figure 1, the weight loss due to volatilization of
MoOj; prevails when the B-content of the alloy is low. With
increasing B-content, the weight loss due to volatilization of
Mo oxides and the weight gain due to the formation of a
protective oxide scale approach each other. At an atomic B/Si
ratio of 0.23, weight gain and weight loss compensate each other.
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Figure 1. Measured steady-state oxidation rates of Mo-Si-B alloys with
varying B/Si atomic ratio during 20-100h oxidation test at 1000 °C.
Black squares: Data from Meyer et al.”®! Dotted line: Guideline to the eye.

Higher B-contents (0.24) lead to an overall weight gain of the
sample as oxide formation prevails.

A typical Mo-Si-B alloy consists of a continuous
body-centered-cubic solid-solution a-Mo-phase, which acts as a
matrix. The function of the a-Mo matrix can be compared with
the y-phase in nickel-based superalloys. Phases, such as Mo;Si
(A15), MosSi; (T1), and MosSiB, (T2), are embedded in the
Mo matrix.'! These phases drastically influence the properties
of the alloy. Although alloying with Si and B, oxidation of the
material at high temperatures is still challenging. The oxidation
behavior has been studied in detail by Parthasarathy et al.,””! and
four stages of oxidation were determined, which are shown
in Figure 2.

At low temperatures between 500 and 600°C, a parabolic
weight gain is observed. This can be explained by the simulta-
neous oxidation of Mo, Si, and B. Although, the formation of
Si0, is energetically preferred, its high viscosity at this tempera-
ture prevents the formation of a continuous protective scale.
Consequently, near-surface molybdenum oxidizes to MoOs,
which can be found on the surface as well. The concurring
oxidation of Mo and Si leads to a decreased oxidation rate com-
pared with pure Mo.

At 700 £ 50 °C, MoOs starts to volatilize; at this stage, a linear
weight loss with a rate constant of 3.3 mgecm2h™" is reported.

www.aem-journal.com

In this temperature regime, boron is oxidized, leading to the
formation of a porous borosilicate-glass scale. However, the
formed scale is still not protective; on the contrary, no difference
in oxidation behavior between Mo and Mo-Si-B was found. The
porous scale allows oxygen to penetrate the scale and enables
evaporation of MoO;. Consequently, the reaction of Mo to
MoOj is the rate-determining step.””)

With rising temperature (>800 °C), more boron is oxidized to
B,03.'" The high boron content lowers the viscosity of the
oxide scale.'” On the one hand, this allows the formation of
a continuous oxide scale. On the other hand, the low viscosity
allows the formation of bubbles and, therefore, enables the pen-
etration of O, and evaporation of MoOs through the scale.**
In addition, boron is known to enhance the oxygen diffusivity,
leading to a further increase in the oxidation rate.”)

Further temperature increase leads to enhanced evaporation
of B,0;. Consequently, the viscosity of the oxide scale increases
constantly. Accordingly, the oxygen and MoO; permittivity of the
scale decrease. The viscosity can increase by up to ten orders of
magnitude; hence, the oxygen diffusivity can be reduced by six
orders of magnitude.”! This complex oxidation mechanism leads
to the fact that the oxidation at 800 °C is significantly faster than
at 1300 °C.*'*) Mendiratta et al.* and Burk et al.*® showed
that oxidation at 800°C can be significantly reduced using
pre-oxidized material (1300°C). Tests revealed that 100h of
pre-oxidation at reduced O, pressure is sufficient to suppress
the pesting behavior during oxidation at 1200 °C.1"%

Mechanical properties and oxidation resistance are strongly
dependent on the ratio of a-Mo, Mo3Si, MosSiB,, and MosSis
phases. Therefore, a lot of research is focused on the alloying
of Mo-Si-B to find compositions that combine high oxidation
resistance and favorable mechanical properties.'’ % However,
the desired material properties require different microstructures
according to Figure 3.

For high oxidation resistance, silicide-rich alloys with small
discontinuous grains are preferred." A coarse microstructure
with only small volume fraction of a-Mo leads to high creep resis-
tance. In contrast to this, high damage tolerance is achieved by
large volume fractions of continuous a-Mo grains."”"*!! These
contradictory microstructures are shown in Figure 3.

The oxidation behavior of several Mo-based samples is com-
pared in Figure 4. For better comparison of samples with differ-
ent oxidation times, a weight loss rate (in mgecm 2h™') was
introduced by dividing the measured weight loss (in mgcm ™)
by the test duration (in h). As discussed earlier, the pesting
behavior of pure Mo leads to high weight losses. Alloying of
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Figure 2. Schematic oxidation mechanism of Mo—Si-B alloys at elevated temperatures as described by Parthasarathy et al.”!
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Figure 3. Schematic illustrations of optimized Mo-Si-B microstructures according to Lemberg et al.'"”! Microstructure optimized for a) maximum

oxidation resistance, b) creep resistance, and c¢) damage tolerance.
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Figure 4. Measured weight loss per hour after oxidation tests of
Mo-based alloys (data taken from the previous studies!®?82%41:36:93])
Alloy compositions are given in at%, TZM.

Mo helps to reduce the weight loss; however, the weight loss
is still quite high. Therefore, appropriate oxidation protection
of the material is necessary.

1.3. Coating Requirements

As the alloys’ microstructure can either be optimized with
regards to the mechanical properties or the oxidation resistance,
a common concept is to optimize the material with respect to the
thermo-mechanical properties while considering moderate
oxidation properties of the material. The oxidation properties
can be improved by a suitable post-treatment, in particular,
the application of environmental barrier coatings (EBCs). This
strategy allows to combine excellent oxidation resistance and
mechanical properties in one component. Due to the complex
oxidation kinetics of Mo—(Si-B) alloys, the coating is mainly
needed to protect the material against pesting at the tempera-
tures between 700 and 900 °C.

The coating materials must offer a high temperature stability,
and this includes high melting temperatures, chemical stability,
thermal shock stability, and no phase transitions in the relevant
temperature regime. Furthermore, the materials must withstand
the aggressive turbine atmosphere, where oxygen, water vapor,
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and fly ash (calcium-magnesium-alumino-silicate [CMAS))
are present. Moreover, the coefficient of thermal expansion
(CTE) of the coating material should match the substrate, aiming
to the reduction of thermal stresses during operation. In addi-
tion, the materials’ thermal expansion must not be highly aniso-
tropic; i.e., the material must not have different CTEs that apply
to different spatial directions, as this can lead to stress and crack
formation within the material during heating and cooling
phases. An overview of relevant materials and their CTEs is given
in Table 1.

Another important factor is the coating thickness, which can
be affected by the coating process duration or the number of
coating runs. Thick coatings are expected to prevent oxidation
of the substrate for a longer period. Production of thick coatings
is often time-consuming and, therefore, more expensive.
However, increasing the coating thickness leads to increased
elastic strain energy and, hence, the probability for cracks and
coating failure rises.”” Otherwise, thin coatings may be insuffi-
cient for reliable protection of the material for a long period
of time.

Besides the chemical and mechanical resistance of the coat-
ing, the coating’s microstructure strongly influences the protec-
tion efficiency of the coating. In the field of EBCs, dense coatings
are preferred, because they form an effective barrier that cannot
easily be penetrated by the aggressive gases in the turbine atmo-
sphere. However, dense coatings come along with higher
stresses,*** which might reduce the coating lifetime. In con-
trast to this, porous coatings offer more favorable stress level
and stress relaxation properties.*>?% In addition, they have lower
heat conductivity, which makes them popular in the TBC area, as
lower substrate temperatures lead to decreased oxidation rates of
the substrate. Nevertheless, oxygen and other reactive fluids can
penetrate through open pores and cracks, and this reduces the
protection efficiency of porous coatings. The obtained coating
microstructure is related to the coating procedure and can be
adjusted within certain limits by varying the coating
parameters.[27]

As all these factors determine the protection efficiency of an
EBC, it is important to find a proper coating system. This may
involve compromises in certain properties (e.g., density and
thickness). Furthermore, the coating system might require the
application of several materials or processes. Thus, effective
coating strategies for Mo/Mo-based alloys are still to be found.
Different approaches and procedures are currently subject of
research, which are summarized as follows.
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Table 1. Overview on CTE of selected materials.

Material CTE (106K ™)
Al 26.711061
Al,04 8.61'%7

B 5.0—7.0'08
CaMoO4 13.5/22.8 (e;)a)[109]
CMAS 9.g0110

Cr 10.80111
CrN 71612
CrSi, 16.8/10.9(*)3)[”3]
Gd,Zr,0y 12,4014

Mo 5.70115]
Mo,B 50116l
Mo,Bs 86116l
Mo,N 6.70117
MosSi 7,208

MosSiz 97Bo.16

5.7/13.9 (;‘:)3)[23]

MosSis 11.8/5.8 ()07
MosSiB, 7.5567
MoB 8.4/6.4 (:v.-)a)[ns]
MoB, 7.7016]
MosSi, 8.0/10.0 (+)23
Mo-Si-B 5.0—6.0[28
PHPS (pyrolyzed) 3_4186.38]

Si 2.6
SiBg 510120

SiC 5.1021]
SizNy 3.60122
SiO, 0.5-4.11281
Steel (fcc) 170123

Ti 10.5124
TiN 11.00%31

w 4.601261
YSsz 11.70271

3 (*) Marked phases show high CTE anisotropy.

2. Coating Strategies

The formation of MoO; must be prevented to avoid degradation
of Mo components, and various concepts and preparation meth-
ods for this are under discussion. However, they share a com-
mon concept: the surface must be treated in such a way that
the inward diffusion of oxygen is blocked; on the other hand,
outward diffusion of Mo/MoO; needs to be minimized.”
This surface passivation can be achieved by chemical modifica-
tion of the samples” surfacel”'>'® or by application of coatings,
which act as diffusion barrier.?** To maintain the excellent
mechanical properties of the material, most approaches favor
the application of protective coatings.
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Among the different coating concepts, metallic Mo—Si—(B)
coatings produced by chemical vapor deposition (CVD),>! pack
cementation (PC),’**% or magnetron sputtering®®! are the
most prominent approaches. Other approaches, such as MoSi,
coatings produced by spraying techniques*'™*1 or plasma
transferred arc (PTA),”” are less frequently studied. Besides this,
there are groups that focus more on ceramic coatings,?**"!
comparable to the frequently used TBC systems. The variety
of different coating strategies is summarized in Figure 5.

2.1. Surface Passivation by Pre-Oxidation

As discussed in the sections earlier, the oxidation kinetics of
Mo-Si-B is complex. These complex oxidation mechanisms enable
the possibility to passivate the surface by pre-oxidation.!*!*1¢)
Pre-oxidation at 1200-1300 °C for 100 h!*® led to the formation
of a dense, continuous silica scale on the surface (=40 pm) and
an inner diffusion zone (20 pm), which consists of Mo and SiO,
(see Figure 6). This zone is depleted of MosSiB, and Mo;Si.
Meyer et al.®! showed that the depletion is caused by a low oxygen
partial pressure (<5 x 10~ "' Pa) at the silica-substrate interface,
due to the dense silica scale (diffusion-limited oxidation). The
low oxygen partial pressure favors the oxidation of MosSi; to
form SiO, and Mo, according to the disproportionation reaction,
instead of MoOs and SiO, (see Equation (1) and (2)). This dis-
proportionation causes the depletion of the intermetallic phases
in the intermediate layer. In addition, the formation of a 40 ym
thick and dense oxide scale during pre-oxidation hinders degra-
dation of the sample at subsequent oxidation tests at 800 °C.[**)
The oxidation tests performed by Burk et al. showed that 100 h
of pre-oxidation at 1200°C is sufficient to suppress pesting
behavior at 1200 °C in air for at least 50 h.1%%

High O, partial pressure (20 KPa):

(1)
MosSis 15 5 MoO; 1 +38i0,

Low O, partial pressure (< 5 x 10711Pa):

2)
MosSi; 257 SMo + 3Si0,

Similar observations were made by Behrani et al.*®) Here,
Mo-Si-B alloys were alloyed with Nb to improve their mechani-
cal properties. Nb, however, oxidizes and forms non-volatile
Nb,Os, which hinders the formation of a continuous silica scale.
The samples were pre-oxidized and then subjected to chlorina-
tion to remove the Nb,Os by the formation of volatile NbCls.
Oxidation tests at 1000 °C revealed a weight gain of 1.3 mg cm™>
after 10 h, which is half of the weight change of an unprotected
alloy. Although surface passivation due to pre-oxidation at
elevated temperatures seems to improve the oxidation resistance
of Mo-Si-B alloys, long-term stability of the system is
questionable.[*!

2.2. Metallic Coatings

A common way to increase the oxidation resistance of Mo or
Mo-based alloys is to protect the surface by deposition of
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Figure 5. Overview on different coating strategies for Mo-Si-B alloys.

B-containing SiO, 40 pm oxide scale

20 pm diffusion zone

Substrate

Figure 6. Schematic illustration of Mo-Si-B alloy oxidized for 4 h at
1300°C (according to Mendiratta et al.l'”}).

oxidation-resistant molybdenum silicides, especially MoSi,.
During high-temperature treatment in air, these phases will
in situ form protective scales. Metallic coatings can be applied
by several methods, such as CVD/physical vapor deposition
(PVD), sputtering, and plasma spraying, which will be discussed
in the following sections.

2.2.1. Chemical Vapor Deposition

CVD is a general term for several vacuum coating techniques.
CVD is commonly used to obtain thin metallic or ceramic
coatings on metallic surfaces. The substrate is placed in a process
chamber, and one or more gaseous precursors of the coating
material are ejected into the chamber. At the substrates surface,
the precursor reacts or decomposes to form the desired coating
phase. The coating is formed by inward diffusion of the applied
metal and formation of mixing phases; therefore, they are
called “diffusion coatings.” Simultaneous requirement of high
temperatures, appropriate saturation atmospheres, and slow

Adv. Eng. Mater. 2021, 23, 2001016 2001016 (5 of 20)
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deposition rates makes this process quite complex and expensive.
On the other hand, the elaborate process design allows precise
control of the resulting coating properties by influencing the
coating parameters, for example, coating duration, pack compo-
sition, and temperature.

Coating of Mo-based alloys by CVD involves several process
steps. First, the sample is nitridated with ammonia at 1100°C
for 2 h. During nitridation, a Mo,N layer is formed at the surface.
The subsequent CVD of Si was carried out using SiCl, and H, as
process gases for 5h at 1100 °C, leading to the formation of a
continuous MoSi, coating with «-Si3N,4 particles at the grain
boundaries (see Figure 7). This coating substrate system offers
a lower CTE mismatch!*”) (Acte=0.7 x 107K~ for MoSi, with
40 vol% Si3N,) compared with CVD-Si coatings without previous
nitridation (Acrg = 3.1 x 10 °K ™).

Figure 7. Schematic coating structure of MoSi,/a-SizN, composite
coating (according to Yoon et al.%).
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360 h @1600 °C

in air

Figure 8. Coating structure and oxidation behavior of (Mo,W)Si,—Si3sN,
composite coatings (according to Zhang et al.l*®}).

Similar approaches with implementation of W and Cr were
studied. Promising results were published by Zhang et al.*®
The samples were first pack tungstenized, then nitrided with
ammonia, and finally pack siliconized. The layer concept is
sketched in Figure 8. The formed W-containing phases had
beneficial impact on the oxidation resistance. Compared with
MoSi,-Si3N, and MoSi,—CrSi,—Si;N, coatings, they provide
an increase in oxidation resistance by one order of magnitude
(see Figure 9).1*°!

Si PC: Another widely used CVD technique is the PC process.
The sample to be coated is packed tightly together with the metal
powder and an inert filler material (alumina) in a sealed crucible.

0.0

-0.5 1

-1.04

-1.54

-2.04

Mass Change Rate (mg-cm*h)

] (Mo,W)Si,-SiiN,
Bl VoSi-CrSi-SiN,
B MoSi,-SiN,

-2.54

-3.04

1600 °C

Figure 9. Weight change rates of CVD-MoSi,-composite coatings during
oxidation test at 1600°C (data from the previous studies!®*).
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Halides, such as NaF, HCI, or NH,CI, are often used as activator
(halide activated PC [HAPC]). The crucible is then heated to tem-
peratures in the range of 700-1500 °C and kept for several hours.
During heat treatment, the metal powder reacts with the activator
to form gaseous MX (M = metal, X = halide). When the gaseous
metal halides reach the substrate, they decompose, and
the metal is deposited on the substrate’s surface. The deposited
metal diffuses into the substrate, and a mixed coating is formed
according to thermodynamic equilibria. Due to the growth
direction of the coating, the resulting coating offers a columnar
microstructure.*%

Some research groups focus on the deposition of Si on Mo or
Mo-based alloys by HAPC.*~*% Recently, Choi et al.*®! demon-
strated the increase in the lifetime of Mo-Si-B alloys after the
application of a Si PC coating. After 48 h of coating procedure
at 1100°C, a 58 pm thick MoSi, coating was obtained. A MoB
layer of about 6 pm thickness was found at the interface between
MoSi, and Mo-Si-B. This layer cannot be found in alloys with
low B content,** and it is believed to prevent further diffusion of
Si into the substrate."!

A complex layer structure (see Figure 10) was found after 40 h
of oxidation in air at 1400 °C.*® During the oxidation test, a
10 pm silica scale was formed, which serves as oxygen diffusion
barrier. The formation of the silica scale leads to a depletion of Si
in the MoSi, layer. As a consequence, a 10 pm thick MosSi; layer
was formed in between the silica scale and the MoSi, layer. Si
diffusion through the MoB layer into the substrate leads to
the formation of a second MosSi; layer underneath the MoSi,
layer. After 40 h of oxidation test, the coated sample showed a
weight decrease of ~0.07%. For comparison, the uncoated alloy
showed a weight loss of 66.2% after only 5 h.*®!

The long-term behavior of these coating system was studied by
Cox and Brown.*®! They demonstrated that an 80 pm thick sili-
cide coating on Mo is able to pass six month of static oxidation
test at 1000 °C. The observed coating structure was similar to the
one reported by Choi et al.,”® although a non-B-containing
substrate was used. The layer structure is sketched in
Figure 10, bottom. After coating production, a thin MosSi; layer
is observed instead of a MoB layer. During oxidation, a SiO, and
a MosSi; layer are formed on the sample’s surface, resulting in a
coating structure similar to that promoted by the Mo—Si-B alloy,
except for the MoB layer. With ongoing oxidation, the MoSi,
layer is consumed and fully replaced by a continuous MosSis

(8O 40 h @1400 °C
_‘—Spm

in air
I~ Substrate

10 um

10 pm
40 pm

40 pm

6 pm

}100 HM 50 h @1200 °C

1 pm —
in air
Substrate

Figure 10. Schematic illustration of the coating structure of Si pack cemented coatings on Mo-Si—

i, T @1200°C a

in air

B (top, according to Choi et al.*®) and Mo

(bottom, as described by Cox and BrownP®)), before (left) and after oxidation test (right).
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layer. In addition, due to the ongoing Si depletion, the formation
of a Mo3Si layer is observed below the MosSi; layer.m] As result
of the high Si diffusion, Kirkendall voids are observed.’*”

To increase the oxidation resistance of Mo-based alloys,
attempts were made to add additives to the powder pack. For this
purpose, Sun et al.®® studied the effect of particulate fillers
(AL, O3, SiC, and SiO,) on the oxidation resistance of MoSi, coat-
ings. The coatings with SiC fillers showed the lowest weight
change after oxidation at 500°C; coatings with SiO, fillers
showed the highest oxidation resistance at 1200 °C, which was
attributed to the formation of a protective SiO, scale at the
surface. Majumdar®* and Zhang et al.*® demonstrated that
the addition of aluminum can increase the oxidation resistance
of the coating, due to the formation of a fast growing alumina
scale. Sakidja et al.’® showed that PC of Al (without Si) leads
to a similar layer concept as the Si PC. The deposited coatings
showed an excellent oxidation resistance and a weight gain of
only 2.35 mgcm ™ after oxidation at 1300 °C for 50 h.

Si+ B PC: As already known from the development of
Mo-Si-B alloys, adding B can help to establish a protective silica
scale. Therefore, the deposition of Si- and B-containing coatings
was studied in detail by several research groups. In principle,
there are two different ways to deposit pack-cemented Si and B
coatings. One method is the so-called co-deposition, in which
both are simultaneously deposited on the substrate. The other
method is the two-step process, in which one is deposited first
and then the other. The resulting coating consists of two layers, which
will diffuse into each other during heat treatment,?**551:57-62]

The deposition of B and Si in a two-step process was in focus
of several investigations.’”*%?l The samples were first boron-
ized and then siliconized. Two layers were obtained after coating
procedure: an inner MoB layer and an outer MoSi, layer
(see Figure 11). As already mentioned, the main coating
formation mechanism is inward diffusion of Si and B. After
the oxidation test several layers have formed due to diffusion
and oxidation, underneath the MoB layer, the formation of a

Figure 11. Schematic representation of the layer concept of pack-cemented
(data from Wang et al.l*")).

in air
Substrate

500 h @1300 °C a

in air

1‘27“’“ 80 h @1300 °C a
31 um

www.aem-journal.com

Mo,B layer is observed, which is explained by the ongoing
inward diffusion of B. Two newly formed layers are found in
between the MoSi, and the MoB layer: a mixed layer of
MosSiB, and Mo;Si, and a MosSis layer adjacent to the MoSi,
layer.!®") MosSi; dispersions have formed in the MoSi, layer,
and a small MosSi; layer was observed between the MoSi,
and the oxide scale (see Figure 11).

Comparative studies by Wang et al'®" showed an increased
lifetime of Si + B coatings in contrast to Si pack-cemented coat-
ings. This increase in lifetime is attributed to the formation of
MosSiB, and MoB phases. The diffusion coefficient of Si in
MosSiB, (1.7 x 107 cm?s™") is three orders of magnitude
lower compared with MosSiz (4.1 x 107° cm?s™").%*! Conse-
quently, the mixed layer (MosSiB, + Mo;Si) acts as a kinetic bias
against Si inward diffusion. It is believed that the MoB phase
further enhances this effect.

The co-deposition of Si and B has been intensively studied by
Perepezko et al. and Lange et al.>*#>°1585% A mixed powder bed
of Si+ B was used for coating deposition. The layer structure
resulting from the co-deposition process is comparable to that
one obtained by the two-step process. After the co-deposition,
a thin (10 pm) MoB and a thicker (100 pm) MoSi, layer with
small dispersions of MoB are observed (see Figure 12). In addi-
tion, a very thin (2 pm) MosSi; layer is found at the interface
between MoSi, and MoB. Furthermore, a thin (1 pm) Mo,B layer
has formed in between the substrate and the MoB layer. During
oxidation, a silica scale is formed on the surface. The MoB dis-
persions in the MoSi, phase promote the formation of a dense
oxide scale, leading to an increased oxidation resistance. The
MoSi, layer is consumed with ongoing oxidation, leading to
the formation of a MosSi; layer in between the silica and the
MoSi, layers. The formed MoB and Mo,B layers act as diffusion
barriers against the inward diffusion of Si; as a consequence, a
MosSiB,; layer is formed at the interface between MosSi; and
MoB. This additional MosSiB, layer acts as Si reservoir and decel-
erates the conversion from MoSi, to the low oxidation-resistant

coatings on Mo—Si-B manufactured by two-step deposition of B and Si

ii; 5 pm

20 pm
18 pm
5 pm
8 um
12 pm

Figure 12. Schematic representation of the layer concept of pack-cemented coatings on Mo-Si—B manufactured by co-deposition of Si and B,

as described by Tian et al.[*”
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MosSi; phase (see Figure 12).° In contrast to the studies with
two-step deposition of Si and B, a continuous MosSiB, layer is
formed in this case. This layer might have an increased impact
on the Si inward diffusion compared with the mixed layer.

The resistance of pack-cemented Si + B coatings against water
vapor and CMAS attack was investigated by Downs et al.**l and
Perepezko.**! The results show that the dense borosilicate-glass
scale offers a good resistance against water vapor attack. The
CMAS that was applied on the surface reacted with the silica
scale. Consequently, SiO, and MoO, were formed. The MoO,
reacts with Ca from CMAS to form CaMoO,, which crystallizes
on the surface (see Figure 13). As a result, the CMAS slag is
depleted from Ca, and this increases the viscosity of the slag
and prevents the sample from further corrosion.**

Tang et al.’”) compared the different PC strategies, such as
Si-only coatings, Si+ B two-step deposition, and Si+ B
co-deposition. Oxidation tests have shown that borosilicide
(Si+ B) coatings offer a higher resistance to oxidation than
Si-only coatings. This is in accordance with the analysis of the
oxidation test results of the various PC coating strategies, which
are visualized in Figure 14.

The Si + B coatings are sufficient to protect the material up to
1100°C for thousands of hours. This impressive lifetime
decreases dramatically with increasing temperature, resulting
in an average lifetime of several tens of hours at 1600 °C.’”)
The main reason for this decrease in lifetime is the fast-inward
diffusion of Si and the associated formation of the T1 (MosSi;)
phase. This leads to the conclusion that Si depletion through the
formation of the oxidation-prone T1 phase is the life-determinant
factor of MoSi, coatings. This fosters the need for more effective
coating strategies and better Si diffusion barriers.

2.2.2. Molten Salt

A different coating strategy is the molten salt technique, which
has been studied by Suzuki et al.**! MoSi, coatings are produced
by an electroless plating technique. In this case, a salt mixture
of NaCl, KCl, NaF, Na,SiFs, and Si is heated to 700-900 °C.
The mixture starts to melt at around 650 °C. The Mo substrates
were suspended into the melt for several hours. Si starts to

CaMoO,

Figure 13. Si+ B co-deposition coating on pure Mo after CMAS attack
(with reference to Downs et al.®l and Perepezko*).
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Figure 14. Weight change rates of different PC coating systems on
Mo-based substrates (data from the previous studiest®*?7:3836-38.60-62])

diffuse into the substrate, and a coating is formed on the samples
surface.

Such as in the PC process, the main mechanism of coating
formation is the inward diffusion of Si, which leads to the for-
mation of a continuous MoSi, layer. Due to the fast deposition
rate, no MosSi; layer is present immediately after coating. The
reaction scheme of the redox reaction is shown in Equation

(3) and (4).
Oxidation Si + 6F~ + SiF2~ — 2SiF¢~ (3)
Reduction 2SiF{~ + Mo — Mo — Si+ 6F~ + SiF2~ “)

The coating structures of samples directly after coating
procedure and after oxidation test are shown schematically in
Figure 15. The MoSi, coatings produced by molten salt synthesis
can suppress pesting at low temperatures; however, at high
temperatures, MosSi; is formed at the interface. The same layer
structure as for the Si pack-cemented coatings was found after
oxidation in air. A major drawback of this process is the slow
growth rate of the MoSi, layer on the sample edges, which
led to severe damage due to oxidation of the Mo substrate.

2.2.3. Liquid Siliconizing

Zhang et al.??! demonstrated the feasibility of the liquid silico-
nizing process to produce Si-MoSi, functionally graded coatings
on Mo substrates. The substrates were inserted into the molten
silicon at 1460 °C for 20 min in Ar atmosphere. The coating is,
again, formed by inward diffusion of Si and shows the well-
known MoSi, and MosSi; + Mo;Si layer structure. The formed
coatings show the typical columnar microstructure, they are
dense, and no microcracks are observed. The MoSi, columns
are found embedded in a Si matrix, leading to a high Si content

© 2020 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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10 h @ 1250 °C 5um
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Figure 15. Schematic illustration of MoSi, coatings on pure Mo substrates produced by molten salt according to Suzuki et al.®"

average grain size

7.5 ym
2 z Z P]u 30 pm
2-4 pm
[ Substrate

Figure 16. Schematic drawing of Si-MoSi, coatings on pure Mo
substrates (data from Zhang et al.?%).

in the coating (see Figure 16). The Si-MoSi, coatings were
subjected to oxidation tests at 1600 °C. After 70 h, the samples
showed only a weight gain of 0.17 wt%, and this is quite low
compared with pure Mo and MoSi,. The excellent oxidation
resistance of these Si-MoSi, coatings was attributed to the high
Si content in the coating.

The elemental Si in the coating acts as a silicon reservoir,
preventing excessive formation of MosSi;. As a result, the oxida-
tion resistance of coatings produced by liquid siliconizing is
enhanced. A further advantage of this technique is the increased
coating thickness and reduced coating process duration
compared with the molten salt technique and the CVD process,
respectively.

Major disadvantages of this process are the high temperatures
and the associated high energy consumption. Although the
coating time is relatively short compared with the CVD process,
the process, however, is still time-consuming,.

2.2.4. Sputter Deposition

Metallic coatings can also be produced using the sputter deposi-
tion process. For this purpose, one or more so-called targets are
installed, which contain the desired coating material. Only
conductive materials can be used as target material, because they
act as cathode in this process. The substrate to be coated is placed
in a vacuum chamber at a defined distance below the target.
To avoid oxidation during the process, the chamber is purged
several times with an inert gas (usually argon). The applied
voltage is used to generate a (argon) plasma. Collisions with
the plasma ions cause the ejection of atoms or particles from
the target into the gas phase. Afterward, the ejected gas particles
condense on the substrate, and a coating is formed. The different
sputtering techniques differ in the electric field application, for
example, direct current (DC) sputtering and radio frequency (RF)
sputtering. Another sub-process is magnetron sputtering, where
a magnetic field is generated in addition to the electric field.

Adv. Eng. Mater. 2021, 23, 2001016 2001016 (9 of 20)
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Figure 17. Schematic drawing of the magnetron sputtering process
(adapted from the previous study[97]).

This influences the movement of the charge carriers in the
chamber, allowing more particles to be ejected from the target,
resulting in higher sputtering rates. A schematic illustration of
the magnetron sputter process is presented in Figure 17.1%

Sputtering is an advanced coating technique that allows to
influence the coating properties precisely by controlling the coat-
ing parameters, such as temperature and pressure. As almost all
conductive materials can be used as a target and several targets
can be used simultaneously, the process has a high flexibility.
In addition, almost every solid material can be used as a sub-
strate. A further advantage is that the ejection into the gas phase
is not thermally induced, so that no demixing effects occur even
when alloys are processed. However, the process is very complex,
as the process chamber must be under vacuum during sputter-
ing. The necessity of a vacuum coating chamber makes it more
complicated to coat large components. Coating of parts with
complex geometries is problematic, because the material
transport occurs directly from the target to the substrate; thus,
undercuts cannot be coated or not homogeneously coated.
Furthermore, the obtained coatings are very thin despite long
coating durations. In addition to that, the deposited coatings
are often amorphous.®® Volume changes during the heat-
induced crystallization processes during service can induce
mechanical stress from thermal mismatch, which may cause
coating spallation.

© 2020 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Lange et al.”®3% and Govindarajan et all®”! studied the
deposition of thin Mo—Si(-B) coatings on Mo-Si-B alloys by
magnetron sputtering. The deposited coatings offer a columnar
microstructure, which is typical for sputtered coatings. Both
studies suggest to introduce an interlayer between coating and
substrate to prevent Si inward diffusion and, thus, formation
of sub-silicides. However, the use of Ti, TiN, Cr, and CrN as
diffusion barriers, which was studied by Govindarajan et al,'*”)
has not proofed to be beneficial, as they were not able to prevent
the Si-inward diffusion.

A more promising concept is the deposition of several (10-50)
Mo/Si multilayers.®”! The concept of Lange et al.*® involved the
deposition of a 2 pm MosSiB, interlayer before coating of the
samples with Mo-Si-B coatings (5 pm). The schematic layer
concept is presented in Figure 18. The samples were subjected
to oxidation tests at 800, 1000, and 1300 °C. It was found that
coatings with high boron content offer best oxidation protection
at 800°C. However, with increasing temperature, enhanced
oxidation resistance was observed for coatings with lower boron
content. Nevertheless, the results show that even 7pm thin
coatings are sufficient to protect the material against oxidation
for more than 100 h.

Lange et al.*® further developed this coating strategy: Mo—Si—
B alloys were coated with 5-10 pm thick sputtered layers of
Mo-Al, Mo-Si-B, or Mo-Si-Al. The deposited layers serve as
a combined oxidation barrier and bond coat. In some cases,
an additional diffusion barrier (MosSiB,, 2um) was added
between substrate and bond coat. Afterward, the samples were
pre-oxidized, leading to the formation of aluminum borate, boro-
silicate, and mullite scales, respectively. This protective oxide
scales offered a well adhering surface for the following top
coats. Yttria-stabilized zirconia (YSZ) or Gd,Zr,0; coatings with
145-160 pm thickness were applied as additional TBCs by
electron beam PVD (EB-PVD). Oxidation tests of these samples
revealed a satisfying oxidation protection for short-term use
(20 h), but oxidation for more than 100 h or at 1300°C led to
severe damage of the sample, so that there is still room for
improvement. The premature failure of these coating systems
might be attributed to the high CTE differences within the
system.

The weight change rates of the different coatings are summa-
rized in Figure 19. It is obvious that the coatings can significantly
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Figure 19. Weight change rates of sputter-coated samples during
oxidation at various temperatures (data from the previous studies?®>%).

reduce the Mo pesting during oxidation tests. Despite this, no
further decrease is observed when a PVD top coat is used.
However, the long-term oxidation resistance needs to be
drastically increased, and this may be achieved by increasing
the coating thickness. Low deposition rates of <1 pm per hour
during sputtering make it difficult to increase the coating
thickness within a reasonable coating duration. This makes
the sputter process time-consuming and difficult to implement
on an industrial level.

2.2.5. Spray Processes

Alongside the above-mentioned coating processes, there is a vari-
ety of other coating techniques, such as spraying methods.
Coatings produced by spraying processes, for example, slurry
spaying or atmospheric plasma spraying (APS), are less
time-consuming and more cost-effective compared with sputter-
ing or CVD. Coatings with thicknesses of several hundred
micrometers can be achieved within minutes using the spraying

SiO .-MoO,

Figure 18. Schematic drawing of sputtered Mo—Si-B coatings on Mo-Si—B substrates (data from Lange et al.[?)).
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processes.!?) Moreover, spraying processes provide high flexibil-
ity regarding the spray material and the shape of the component
to be coated. Usually, the coating process can be carried out
without additional heating of the components, which again
makes spray coating more efficient. As diffusion has only a
minor effect on coating formation and adhesion, a proper surface
treatment must be carried out before spraying to achieve good
adhesion properties and long service life. This additional step
might involve surface roughening (usually sandblasting) and/
or application of bond coats.!*®

A well-known spraying process is slurry spraying,®® which
involves spraying of a solution or suspension onto a substrate
with a spray gun. Apart from that, there is a variety of thermal
spray processes. In all these processes, a flame or plasma is used
to fuse the spray material. The droplets are then accelerated
toward the substrate by a carrier gas flow. Organic, metallic,
and ceramic materials can be used as feedstock; furthermore,
liquids, suspensions, powders, and wires can be used. The
processes differ in the way the flame/plasma is generated, in
the used atmosphere and the used spraying nozzles.””!

The most prevalent thermal spray process is the APS, which is
commonly used in the TBC area. A schematic sketch of a spray-
ing gun and the spraying process is shown in Figure 20. A
plasma (Ar, He, or N,) is generated by electric discharge.
With the help of carrier gases, the spray material is injected into
the plasma plume, which can reach temperatures above
10000 °C. The spray material melts and is accelerated toward
the substrate, where it resolidifies. This creates a unique coating
microstructure of individual splats (re-solidified particles), par-
tially molten splats and enclosed pores. The coating properties
can be influenced by variation of the coating parameters, such
as plasma gases, coating distance, substrate temperature, and
particle size of the spray material. APS owes its name to the fact
that the coating process takes place under atmospheric condi-
tions. The disadvantage of atmospheric conditions is that the
substrate or the spray material may oxidize during the coating
process.

A variation of the APS process is the vacuum plasma spraying
(VPS); hereby, the coating process takes place in a vacuum
chamber. High-power pumps are needed to create stable process
conditions, which makes VPS less time and cost efficient com-
pared with APS. However, it is used when the feedstock material
or the substrates are sensitive to oxidation. Furthermore, the
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Figure 20. Schematic drawing of a plasma gun and the APS process
(a combination of the previous studies!®®®%}).
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reduced pressure influences the cooling rates of coating and
substrate, leading to reduced thermal stress within the coating.

Another process belonging to the thermal spray family is high
velocity oxy fuel (HVOF) spraying. A flammable liquid (kerosene)
or gas (methane, H,) is used as heat source. The expanding
combustion gases flow through a Laval nozzle, and the gas
velocities of 2000ms™" are typical. These high velocities lead
to increased densification of the resulting coatings. Due to the
use of combustion processes as heat source, the maximum
process temperature is limited (around 3000 °C). This hinders
melting of large particles and materials with high melting
temperatures. A further disadvantage is the high oxygen content
of the obtained coatings.

The protective effect of slurry sprayed coatings on Mo-based
alloy containing additions of Zr and Ti (TZM) was studied by
Cai et al.*!! First, an ethanolic slurry of Mo and Si powders
was prepared by ball milling and was then sprayed on sand-
blasted TZM samples. The coated samples were then sintered
in argon. Oxidation tests were carried out in air at 1650°C.
After 14 h, large cracks had formed, which led to coating failure
(see Figure 21).

A more successful coating approach was studied by
Jéhanno et al.*? APS of powder mixtures of Si and B led to pro-
tective SIBOR coatings. These about 130 pm thick coatings
resisted 30h of oxidation in air at 1650 °C. This remarkable
oxidation resistance can be attributed to the formation of a con-
tinuous borosilicate-glass scale, which inhibits oxidation of the
inner parts. There are also several studies on MoSi, coatings
manufactured by APS.**7%72 Duye to oxidation of the MoSi,
powder during spraying, MosSiz and SiO, are formed.”? A net-
work structure of MoSi, and MosSi; has formed in the coating
(see Figure 22).1*31 The formation of MosSi; is not favorable, as
Mos;Si; additions in MoSi, reduce the oxidation resistance of the
coating.”) Furthermore, MoSi, in tetragonal and hexagonal crys-
tal structure modifications was found. No protective silica scale
was formed during plasma spraying, but 25h of oxidation at
1200°C led to the formation of a thin protective SiO, scale.
The formation of MosSi; can be minimized using VPS. A com-
parative study by Fei et al.”" confirmed the higher oxidation
resistance of freestanding MoSi, coatings prepared by VPS, com-
pared with APS coatings. Nomura et al.”* studied the suitability
of Mo-Si-B coatings produced with very low pressure plasma
spraying (VLPPS). Multiphase Mo-Si-B coatings with the same
phase constituents (MosSi3, Mo;Si, and MosSiB;) as in the
feedstock powder were obtained. Due to the rapid quenching
during thermal spraying, nanostructured Mo-Si-B coatings
with eutectic composition (Mo-24.5mol%  Si—6.3 mol%
B) were formed.”*

The formation of oxidation-resistant MoSi, coatings prepared
by HVOF spraying and VLPPS was reported by Reisel et al.,[**
and a significant influence of the porosity of the thermally
sprayed coatings on the oxidation resistance was highlighted.
Oxidation tests between 500 and 1500 °C showed that dense coat-
ings offer a higher stability against oxidation.

The results of oxidation tests of MoSi, coatings obtained by
APS and slurry spraying are shown in Figure 23. The results
show that also porous sprayed coatings can suppress Mo pesting,
even at high temperatures.
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Figure 21. Schematic representation of the oxidation behavior of slurry sprayed MoSi, coatings on TZM during 14 h at 1650 °C according to Cai et al.*!]
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Figure 22. Schematic drawing of coating formation of MoSi, during APS (adapted from Yan et al.**}).
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Figure 23. Comparison of the oxidation behavior of MoSi, coatings
obtained by APS and slurry spraying (data from the previous studies!"’%).
Please note the interrupted scale bar.

2.2.6. Plasma Transferred Arc

A somewhat unusual technique for coating preparation is PTA
welding. PTA is a welding process, where the metallic substrate
surface is heated by a plasma arc, and (metal) powder is injected

Adv. Eng. Mater. 2021, 23, 2001016 2001016 (12 of 20)
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Figure 24. Schematic drawing of the PTA process (in adaption to the
previous study!°).

into the arc and melted onto the surface (see Figure 24).
The obtained coatings offer high adhesion strength, as they
are metallurgically bonded to the substrates. Using this tech-
nique, coatings with several hundred micrometers in thickness
can be produced in a short period of time (up to 20 kgh™%)."*

In a recent study, Deng et al.*”! investigated the deposition of
Mo-Si-B coatings on pure Mo by PTA. A 6 mm thick coating was
obtained, which consisted of the same three phases as the origi-
nal powder: Mo3Si, MosSiB,, and MosSi;. The coating mainly
consisted of MosSiB, and Mo;Si eutectics with dispersions of
MosSiB, dendrites and MosSi; phase. A 60-80 pm thick,
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Figure 25. Schematic representation of the microstructure of Mo—Si—B coatings produced by PTA, directly after coating (left) and after exposure to air at

1300°C (right) (data from Deng et al.*%)

transitional layer between coating and substrate indicated
diffusion bonding. A schematic drawing of the observed layer
structure is shown in Figure 25.

The weight loss of the coated sample after 30 h of oxidation at
1300 °C was —8.2 m g cm ™%, resulting in a calculated weight loss
rate of —0.27 mgcm™2h™". In contrast, oxidation tests of the
pure Mo-substrate revealed a weight loss of —141.2 mgcm™>
within 10min, leading to a calculated weight loss rate of
—8475mgcm 2h™". The excellent oxidation resistance of the
coated samples was attributed to the formation of a dense
and continuous protective borosilicate scale. This scale was
found to heal cracks that occurred in the coating during
deposition.*”!

Summary Metallic Coatings: Application of metallic and
metalloid coatings is a common way to increase the oxidation
resistance of Mo or Mo-based alloys. The deposition of silicon,
boron, and/or oxidation-resistant molybdenum silicides was
found to have beneficial impact on the oxidation resistance.
Diffusion of components of the metallic/metalloid coatings into
the substrate leads to the formation of several layers with differ-
ent compositions. It was found that the MosSi; phase is the
Mo-Si intermetallic phase most susceptible to oxidation, and that
its formation is the life-determining factor; consequently, the
formation of MosSi; should be avoided.l”””>7¢l Advantages of
these coatings are the high coating density and the generally
good adhesive strength that results from diffusion bonding.
Common feature of the metallic coatings is that protective oxide
scales are formed in situ on the surface under oxidizing condi-
tions. It was found that the addition of boron helps to modify
the viscosity of the oxide scale to form a covering, dense, and,
thus, protective scale, which can heal cracks.*”)

coarse, crystalline
Si0, coating

Substrate

dense, amorphous
SiO, coating

Substrate

54 ym 100 h @ 1200 °Ca

n air

s4m 100 h @ 1200 °ce

In air

There are several ways to deposit these coatings, and the most
common techniques are vapor deposition processes, such as
CVDP? (especially PCB**5°157762) or sputtering.***% These
methods allow precise control of the layer thickness and proper-
ties, but a technologically complex setup is required, and the
deposition rates are rather low. Pack cemented Si+ B coatings
showed impressive lifetimes of thousands of hours at 1100 °C;
however, the service life is drastically reduced with increased
temperature.’”) Higher coating thicknesses (=100 pum) were
achieved by spraying processes!*"”? and PTA welding.*” But,
there are only studies on oxidation behavior up to 30 h between
500 and 1650 °C.

2.3. Ceramic Coatings

2.3.1. Spray Deposition

Besides coating of Mo-based alloys with metallic coatings that
form protective oxide scales, the direct application of ceramic
coatings was studied as well. For example, Perepezko et al.*”!
studied the performance of powder sprayed SiO, coatings on
Mo-Si-B alloys. The coatings showed good oxidation protection
during exposure to air at 1200 °C for 100 h.

As those ceramic coatings are not fully dense, the formation of
a borosilicate and a MoO, layer in between coating and substrate
was observed. It was found that the silica coating can reduce
the layer thickness of this intermediate oxide layer by ~50%.
A further improvement was achieved using an amorphous silica
coating, which inhibits the formation of the MoO, layer
(see Figure 26). The amorphous coating was found to be signifi-
cantly denser compared with the crystalline one.

SiO,
B containing SiO, 30 pm
20 pm
30 pm

Figure 26. Schematic drawing of powder sprayed dense SiO, coating on Mo-Si-B before and after thermal treatment (according to Perepezko et al.l*?})
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2.3.2. Dip Coating with Pre-Ceramic Polymers

Coatings based on polymer-derived ceramics (PDCs) have been
proved to hinder oxidation of steel at high temperatures.””) PDCs
are ceramic materials that are derived from a polymeric precur-
sor. Synthetic metal-organic polymers, for example, polysilox-
anes, polycarbosilanes, and polysilazanes, act as precursors.
The ceramic precursor can be solubilized, and this offers various
possibilities for coating manufacture, for example, painting, dip
coating, spin coating, or spraying.[79] Furthermore, components
of different shapes can be coated using PDCs, which makes this
strategy versatile. After the coating process, the component is
subjected to a drying and cross-linking process at low tempera-
tures (100—400 °C) in air. In this step, residues of the solvents are
removed, and the cross-linking process enables the transforma-
tion of the viscous polymer into a solid coating. A high degree of
cross-linking is important to prevent the evaporation of compo-
nents with low molecular weight during pyrolysis. Depending on
the type of polymer used, cross-linking takes place via radical
polymerization, polycondensation, transamination, or hydrosily-
lation.”®! Afterward, the component is subjected to pyrolysis at
700-1400 °C to remove the organic parts and to convert the poly-
mer into Si—-O-N(-C)-containing ceramic material. The pyrolysis
is typically carried out under protective atmosphere, for example,
N, or Ar atmospheres. The chosen atmosphere can have an effect
on the resulting coating properties and composition; e.g., the
formation of nitrides is favored when pyrolysis is carried out
in nitrogen atmosphere.®% In the past, the PDC process route
has been used to produce Si—-O-N(—C)-containing ceramic at
low temperatures.®" The properties of the bulk ceramics
produced by this precursor route were studied in detail by
Riedel et al.®*#?]

Filler - PHPS

Oxidation Test

#
800 °C/

www.aem-journal.com

Kriiger et al.'”®" and Smokovych et al.**#"#% studied the
oxidation behavior of perhydropolysilazane (PHPS)-based
coatings on Mo-Si-B alloys that were obtained by dip coating
(see Figure 27). The dip coating process has several advantages,
for example, short processing time and high flexibility.
Furthermore, coating thicknesses with several hundred micro-
meters can be obtained by repeating the process multiple times.
The use of preceramic polymers allows to obtain ceramic coat-
ings while processing at low temperature.®* Advantages and
disadvantages of the dip coating process are summarized in
Figure 27.

However, the polymer-to-ceramic conversion goes along with
an inherent volume shrinkage of the coating and the formation
of cracks and pores. The shrinkage can exceed more than 50 vol%
depending on the polymeric precursor.®”! This is a major disad-
vantage of this coating strategy, as it is impossible to obtain dense
microstructures. Porosity and crack formation, however, can be
overcome by adding active or passive particulate fillers to the
coating slurry.®®!

Passive fillers do not react with the residues of the ceramic
precursor, its gaseous degradation products, or the pyrolysis
gas atmosphere. Typically, chemically inert ceramic particles,
such Al,O;, ZrO,, and SiC, are used as passive fillers. They
reduce the volume fraction of the polymeric precursor and fill
up voids within the in situ formed PDC. Moreover, they prevent
the formation of defects, as they provide opportunities for a
release of gaseous products that have formed during pyrolysis
(e.g., N5, NH;, CH,, and O,).[B¢8990)

Active fillers are usually based on metals, intermetallics,
carbon, or reactive ceramics, such as Si, B, MoSi,, or AIN.
They fully or partially compensate the shrinkage of the PDC pre-
cursor during the polymer-to-ceramic conversion by expansion

Dip Coating

Crosslinking N2
and Pyrolysis 1200 °C

1200 °C

Figure 27. Schematic representation of the dip coating process and PDC consolidation on Mo-Si-B alloys with PHPS precursor.
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due to reactions of the filler particles with their environment and
the formation of new phases. Oxides, nitrides, and carbides can
be formed during heat treatment, depending on the polymeric
residues, the degassing species, and the pyrolysis atmosphere.®®
Active fillers serve to provide a stabilizing network of filler
reaction products, to increase the ceramic yield, and to provide
an inner surface, which is required for material transport during
polymer decomposition.®?) The microstructural changes during
the polymer-to-ceramic conversion with and without fillers are
visualized in Figure 28.

Schwartz and Rowcliffel®® demonstrated that a polymer to
filler (Si3Ny4) ratio of 30 wt% yielded the maximum densities
for polysilazane-based PDCs. Some of the active fillers are
replaced by passive fillers in advanced slurry systems. The pas-
sive fillers act as binders and are used to ensure homogeneous
mixing of the slurry by minimizing sedimentation effects.’”’

In addition, fillers can also influence the physical and chemi-
cal properties of the coating.®”! However, influencing the chem-
ical composition and reactivity of the coating, fillers can also be
used to influence the mechanical properties of the coating. For
example, the hardness and elastic modules can be influenced by
the filler particles and the formed phases. The CTE of pyrolyzed
PHPS is around 3—4 x 107¢ K~' 68891 and this matches well
with the CTE of Mo-Si-B (5.0-6.0 x 107¢ K~'**)). The CTE mis-
match can be further minimized using suitable filler particles,
according to the rule of mixture,” and thus, stresses resulting
from thermal cycling can be reduced.

Smokovych et al. showed the potential to increase the cyclic
oxidation resistance of Si—~O-N ceramic coatings using active fill-
ers, such as Si, B, SiBg, and MosSiB,, which promote the forma-
tion of a dense borosilicate-glass scale at the surface during
oxidation (see Figure 27). Mo-14H{-23B and Mo-14.8Zr-26B
alloys were coated with PHPS with 24 vol% Si and 12vol% B
via dip coating. Cyclic oxidation tests at 800°C showed a

190

(a) Preceramic Polymer (b) Preceramic Polymer
+

Filler Particles
© ¢
© ¢ 0
© )

Polymer-to-Ceramic Conversion

;
ML e, |

Shrinkage High Density
Porous Microstructure Less Shrinkage

Passive Fillers Active Fillers

|® QC
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Figure 28. Schematic representation of the evolution of microstructures
during polymer-to-ceramic conversion of a) preceramic polymers and
b) preceramic polymers with the addition of fillers (adapted from the
previous studies®®87l),
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Figure 29. Oxidation behavior of uncoated and with filler-loaded PHPS
dip-coated Mo-14Hf-23B and Mo-14.8Zr-26B samples after exposure
to air at 800 °C (data from the previous study®*).

catastrophic weight loss of the uncoated samples within the first
10h of the test, whereas only a small weight increase was
observed for the coated samples within 100 h. The high oxidation
resistance and the slight weight gain were attributed to the for-
mation of a continuous and dense borosilicate-glass scale on the
coatings surface, which further slows down the oxidation kinetics
of the samples, leading to stable weight changes for more than
100h at 800 and 1100°C. The test results are visualized in
Figure 29.33808+93]

Summary Ceramic Coatings: Ceramic coatings are often used
in the TBC/EBC field to protect components from corrosion, oxi-
dation, and high temperatures. Compared with metals, ceramic
materials offer higher melting temperatures and lower thermal
conductivity. However, ceramic coatings are often not fully
dense, and the usual adhesion mechanism is mechanical inter-
locking, which requires proper surface preparation. Ceramic
coatings can be obtained by direct coating processes, such as
spraying,**! or by applying ceramic precursors,**#% e.g by
dip coating and subsequent heat treatment. Coatings with several
hundred micrometers can be produced by both methods.
Oxidation tests for 1000 h at 1200 °C revealed that dense coatings
have a significant higher oxidation resistance.*”) High coating
densities of the PDC coatings could be achieved by adding
(active) filler particles.®” The addition of boron has proved to
be particularly promising, as it promotes the formation of an
additional, glass-like protective scale.”*

3. Discussion

Mo and Mo-based alloys suffer from severe pesting at tempera-
tures above 700°C. Alloying with Si and B might increase
their oxidation resistance, but the oxidation of Mo, in particular
the oxidation of the Mo solid-solution phase, and subsequent
evaporation of Mo oxides is still an issue, especially in the
temperature range between 800 and 1000 °C. There is a variety
of different coating techniques, which can be used to produce
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oxidation-resistant coatings for Mo-based alloys. The main
coating concept is the application of metallic coatings (mainly
MoSi,), which can form protective oxide scales (mainly silica)
in an oxidative atmosphere. The life-determining factor of the
MoSi, coatings is the depletion of Si due to the formation of
the MosSi3 phase, which is susceptible to catastrophic
oxidation.”7¢%%!

Other coating concepts focus on the direct application of
ceramic coatings, which also act as TBC. In particular, the direct
application of SiO, coatings by spray deposition was studied.**! A
disadvantage is that sprayed ceramic coatings are not completely
gas tight, so that the penetration of oxygen cannot be totally
avoided. The application of PDCs with active (metallic/metalloid)
fillers seems to combine both coating concepts, because they
form dense borosilicate-glass scales during high-temperature
exposure to air.*?

The characteristics of the different processes are summarized
in Figure 30 and Table 2. The molten salt technique, surface
passivation by pre-oxidation, and the CVD process require high
process temperatures and long process times. Sputter coating
allows for lower temperatures, but due to the low deposition rate
(see Figure 30b), only thin coatings can be achieved, even with
long coating process durations. Thus, these coating processes
are time-consuming, expensive, and may be hard to realize on
industrial scale. Other coating techniques, such as dip coating,
PTA, and spray techniques, are more versatile: they offer higher
deposition rates and are capable of coating large and complex-
shaped components more easily.

More relevant than a comparison of the process conditions is a
comparative analysis of the protective effect of the different
coating concepts. This is quite difficult, because the different
approaches were proved wusing various test conditions
(temperature, duration, and cyclic/static) and different coating
properties (e.g., thickness and porosity) (see Table S3,
Supporting Information). In some coating concepts (e.g., metal-
lic coatings and PDCs), surface oxidation and the associated
weight increase through the formation of a protective scale
are highly desired. Furthermore, it should be noted that

www.aem-journal.com

Table 2. Schematic summary of the characteristics of the coating
processes (+ advantageous, — disadvantageous).

Coating Process  Process Long time Temperature Technological
method costs  duration protection complexity
Surface +++ +++ —_ —_ +++
passivation

CvD -— - ot —-— -
Molten salt + ++ — — +
Liquid - + + R 4+
siliconizing

Sputter —— - — 4 __
deposition

APS ++ 4+ ++ + ++
Slurry +++ - +++ +++
spraying

HVOF e 4+ ot ++ ++
VPS + + +++ + -
PTA ++ +++ ++ + +

Dip coating + ++ ++ ++ ++

evaporation of Mo oxides and oxidation of the coating are com-
peting effects, which can occur simultaneously and cannot be
considered separately in weight analysis. It is, therefore, possible
that the weight losses due to evaporation of Mo oxides and the
weight increase due to oxidation of the coating compensate each
other and, thus, lead to supposedly low weight change rates.
Therefore, it is important to understand the measured values
in the context of their system. If a surface oxidation is expected,
a significant increase in weight should be observed. The mea-
sured weight changes are, therefore, not to be considered as
absolute values; they only give an indication of the extent of
the oxidation reactions, and whether the evaporation of Mo
oxides or the oxidation of other elements is predominant. In
general, this applies to all coating processes; a weight loss is
critical, as it indicates a (massive) volatilization of Mo oxides.
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Figure 30. Summarized process characteristics of coating techniques. a) Overview on coating temperature and process duration. b) Overview of the
deposition efficiency of different coating processes (data from the previous studies?®313238:46.74101-105]
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Figure 31. Results of oxidation tests of relevant coating systems
(data from the previous studies[28_3°'34'37’38‘“'56'58'60_62'72'93]).

Nevertheless, the results of the oxidation tests of the different
coating systems are summarized in Figure 31. To reduce the
influence of the different test conditions, a rate was calculated
from the measured weight change and plotted against the test
temperature. A comparison of the weight changes of coated
samples with those of the pure substrates (Figure 4) makes it
more clear that all coating systems illustrated have a significant
impact on the oxidation behavior of the system.

However, with exception of the PDC dip coating process, all
concepts shown are based on metallic coatings, whose key
concept is surface oxidation and the formation of a protective
oxide scale. Also, in the case of the PCD dip coating concept,
the key mechanism is the additional formation of a protective
borosilicate-glass scale on top of the ceramic coating. There-
fore, a weight gain should be observed in each of these EBC
systems. In some systems, however, a weight loss, especially
in the critical temperature range between 700 °C and 1000 °C,
is still present. This indicates that the oxidation and evaporation
of Mo are still major factors in these systems. In this temperature
regime, only the dip coating concept shows reasonable weight
change rates. As already discussed in the introduction,
higher temperatures lead to increased oxidation resistance of
Mo-Si-B alloys due to the complex oxidation mechanism.
Therefore, above 1200 °C, the weight change rates of coatings
produced by spraying or PC become more reasonable.

Yet, these values are still difficult to compare, especially
because the oxidation kinetics can change throughout the test.
It is, therefore, essential to understand the oxidation behavior
of the substrate and the coating material and to consider them
separately to evaluate the protective effect of the coating. For
example, Kriiger et al.®* and Smokovych et al.®” recently pub-
lished detailed studies on the oxidation behavior of free-standing
PDC coatings. Comparative studies with freestanding coatings,
substrates, and substrate coating systems might help to evaluate
the oxidation behavior and the protection efficiency of the
coating systems. A detailed study on the oxidation behavior
of M0-9Si-8B was published by Azim et al.”® The group
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successfully developed a model to separate the measured weight
gain and loss effects and, thus, calculate the actual material
damage of this alloy.

Another factor that would help to evaluate the different coating
concepts is the lifetime analysis of coated samples that have been
tested under realistic conditions. Tang et al.””! published pre-
dicted lifetimes of Si-PC coatings. The reaction rate from
MoSi, to MosSi; was used as basis for this calculation. At
1100°C, a lifetime of 20 000-300000h (2-34 years) was pre-
dicted for this specific coating system. The calculated maximum
lifetime decreases drastically with increasing temperature. The
exponential decrease in the expected maximum lifetime is shown
in Figure 32. However, there are currently no studies that can
confirm or disprove these lifetimes for this or any other coating
system. Therefore, in addition to the fundamental investigation
of the oxidation behavior of the coating and substrate, more life-
time studies should be carried out. This includes a thorough
analysis of the coating adhesion (cycle to failure, pull adhesion
tests), especially of the ceramic coatings. As the metallic coatings
are bonded to the substrate by diffusion bonding,*® the adhesion
strength of these coatings should be relatively high; however,
under thermo-cyclic conditions, cracks may form in the coating
or in the oxide scale, which could lead to spallation or chipping.

4, Conclusion

Mo-based alloys, among them Mo-Si-B alloys, are promising
candidates for high-temperature turbine applications; however,
they suffer from massive oxidation and volatilization of Mo in
the temperature range from 700 to 1000 °C. Therefore, additional
oxidation protection is necessary for using the material in high-
temperature processes in air. In this article, the state of the art of
research on oxidation protection coatings for Mo-based alloys
was presented.

It was found that coating systems containing metallic Si and B
can form protective borosilicate-glass scales to limit oxygen
diffusion. Both can be provided by a variety of coating processes
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Figure 32. Calculated maximum coating lifetime at different temperatures
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with different performance resulting from processing parame-
ters, such as processing time to achieve the desired coating,
processing temperature and pressure, starting materials, and,
last but not least, the complexity of the processing equipment
and the total costs of the coating process. These parameters must
be optimized and directly influence the economic and protection
efficiency of the process and the coating, respectively.

Another concept is the use of ceramic SiO, coatings,
which, however, do not provide long-term protection of the
substrate, because they are not gas tight. A combination of
both concepts—Si and B embedded in a silica or ceramic
matrix—is promising due to an extremely low oxidation rate.

Therefore, we propose that the following holds: 1) Research
should focus on the combination of active fillers (for glass
formation) in a ceramic matrix; this also holds the potential
for tailored adhesion and CTE mismatch between substrate
and coating, 2) to gain deeper insight into the sub-processes
of oxidation and glass formation, more effort should be spent
on separate investigations of the coating material and the
substrate material, and 3) life-cycle analysis of tests carried
out under realistic conditions as well as life-time simulations
of the protective function of coatings may be the key to a success-
ful coating development strategy; this is independent of the
coating process and can provide scope for transfer to other
refractory metal alloys.
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