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Abstract: Platinum group metals have high melting points, strong corrosion resistance, stable chemical properties, and low oxygen

permeability in high-temperature oxygen-containing environments. As thermal protective coating materials, they have gained essential

applications in the aerospace field and have excellent prospects for application in frontier military fields, such as protecting hot-end

components of hypersonic aircraft. This research reviewed the latest research progress of platinum group metal coatings with high-

temperature oxidation resistance, including coating preparation techniques, oxidation failure, and alloying modification. The leading

preparation techniques of current platinum group metal coatings were discussed, as well as the advantages and disadvantages of
various existing preparation techniques. Besides, the intrinsic properties, failure forms, and failure mechanisms of coatings of single
platinum group metal in high-temperature oxygen-containing environments were analyzed. On this basis, the necessity, main methods,
and main achievements of alloying modification of platinum group metals were summarized. Finally, the future development of
platinum group coatings with high-temperature oxidation resistance was discussed and prospected.

Key words: platinum group metal coatings; preparation technique; high temperature; oxidation resistance; alloying modification

1 Introduction

When the speed of a vehicle exceeds Mach 5, it is called a
hypersonic aircraft. Because of its extremely high speed and
long flight distance, hypersonic aircraft plays a profound role
and exerts significance in the military, political, and economic
fields. The hypersonic aircraft is a strategic weapon that every

country competes for!" ™

. However, it is subject to strong
oxidation ablation as well as violent airflow washout in the
course of flight. Hence, the service requirements for their hot-
end components are high. Hypersonic aircraft > s hot-end
component materials mainly include ultrahigh-temperature

carbon fibres, and fibre-reinforced
composites, as well as refractory metals and their alloys®™.
Ultrahigh-temperature ceramics have a variety of definitions,
and they are usually defined as nitrides. From a chemical

analysis perspective, ultrahigh-temperature ceramics are

ceramics, carbon
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nitrides, borides, and carbides of some transition metal with
high melting points (Hf, Zr, Ta, Ti, Nb, et al)*°. Although
they have excellent strength and oxidation resistance in high-
temperature environments, ultrahigh-temperature ceramics are
brittle and difficult to mould. Carbon fibre composites and
refractory metals also have excellent thermal shock resistance
and a certain degree of corrosion resistance. However, they
are prone to oxidation in high-temperature oxygen-containing
environments above 1800 °C. The oxides will be flaked off or
volatilized, reducing the high-temperature thermal protection
characteristics of the components or even causing failure”*.
These problems can be effectively solved by covering the
surface of hot-end parts with a high-temperature oxidation-
resistant coating, and the performance of the high-temperature
materials can be fully used.

Platinum group metals (Ru, Rh, Pd, Os, Ir, and Pt) with
extremely low oxygen permeability, chemical stability, high
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strength, and high melting points are ideal protective coatings
on hot-end components, providing good protection and
prolonging the service life of hot-end components. Platinum
group metals are all located in the fifth and sixth cycles of
group VIII in the periodic table. Except for Ru and Os, which
have hexagonal close-packed structures, the remaining
elements have face-centred cubic structures with stable
physical properties, extremely high melting and boiling
points, and strong atomic bonding. Compared with other high-
temperature antioxidant coating materials, platinum group
metal coatings have the following advantages: (1) high
metal strength and good ductility of monomaterial metal,;
(2) ultrahigh melting point and very low vapor pressure;
(3) specific chemical properties for easy deposition and the
nature of stability; (4) excellent oxidation resistance.

In this review, common preparation techniques of high-
temperature antioxidant platinum group metal coatings were
introduced, and their advantages and disadvantages were
compared. The antioxidant properties and failure mechanisms
of platinum group metal coatings in high-temperature
environments were discussed, and the improvement and
enhancement of the high-temperature antioxidant performance
of platinum group metal-modified coatings were also
mentioned. The future development direction of platinum
group metal coatings in the key areas was prospected.

2 Preparation Techniques of Platinum Group Metal
Coatings with High-Temperature Oxidation
Resistance

Platinum group metal coatings are prepared by a wide
variety of methods, including metalorganic chemical vapor
deposition (MOCVD), atomic layer deposition (ALD), double
glow plasma (DGP), magnetron sputtering (MS), and
electrodeposition (ED).

2.1 MOCYVD technique

MOCVD technique is one of the commonly used
techniques to prepare platinum group metal coatings, which is
based on the principle that metalorganic compounds are used
as deposition precursors to generate a deposit coating on the
matrix surface through thermal decomposition reactions®.
MOCVD technique is one of the chemical vapor deposition
(CVD) techniques. Compared with common CVD techniques,
MOCVD can better control the deposition rate and coating
thickness, and the coatings can be deposited at low
temperatures. Fig. 1 shows the schematic diagram of the
device for MOCVD preparation of platinum group metal
coating. The whole device consists of a deposition chamber, a
heating device, and a gas circuit system, which uses inert
gases to transport the gaseous precursor compounds to the
deposition chamber. The precursor decomposes into a metal
coating deposited on the matrix surface by heating. At the
same time, a vacuum pump is used to exhaust the irrelevant
gases generated by decomposition™”.

There are a few reports on preparation of Rh and Os

coatings using MOCVD technique. Os is easily oxidized and

/,:______:___: e _,,__:______:‘— ~

7 wmocvDp [ ALD N
I . 1 |
| 1 : 1 : |

I I

I : : 1 kP Volative : |
: : Noble gas : : @Dprecursor : |
- i : ;1
I : 1 i |
i | - ] 1]
J)Gas-phase 1 : Pulse throughput 1\ |
| 1 precursor ll—¢ : !

\ e® % rl\\ / b

o0
%8
%
o
g
:
£

© ©
C  Rotatable substrate Heater

Vacuum pumps

Fig.1 Schematic diagram of preparation device of platinum group
metal coating by MOCVD and ALD techniques

volatilized due to its nature. The precursors used to prepare
Rh coatings are complex and have too many impurities during
the deposition process, resulting in inferior coating quality™".
Pd and Ru coatings are commonly used as electrical contacts
and diffusion barrier layers">", but they are rarely used for
high-temperature protective materials. The Ir and Pt coatings
prepared by MOCVD technique have high densities and good
oxidation resistance at high temperatures. Ir coatings prepared
by MOCVD technique have been widely used in aerospace
applications'”. Harding et al'? pioneered Ir(acac), as a
precursor, enabling the MOCVD technique to prepare high-
purity Ir coatings at lower reaction temperatures. Due to the
controllable thickness and high success rate of the prepared
coatings, Ir(acac), is widely used. Goto et al'” used a hot-wall
reactor, while Hu et al™'7'® used a cold-wall reactor. Both
researches explored the variation patterns of deposition rates
and deposition temperatures of Pt and Ir coatings prepared by
MOCVD technique. Goto et al"” found that the coatings
deposited on quartz and sapphire satisfy the deposition kinetic
law of the Arrhenius equation, while Hu et al""'"""* found that
the deposition rates of Pt and Ir on molybdenum matrices
were the fastest at 550 and 750 °C, respectively, and the
deposition rates were gradually decreased with the increase in
temperature. Therefore, the proper temperature and carrier gas
flow rate can enhance the densification and high-temperature
oxidation resistance of platinum group metal coatings.
Goto!"**! and Maury™ et al found that the passage of a small
amount of oxygen could reduce the embedding of carbon in
acetone and enhance the coating quality. Gelfond et al”" used
pulsed MOCVD with in-situ mass spectrometric control of the
deposition process to prepare Ir coatings with denser
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nanocrystalline structures, which could control the oxygen
penetration more efficiently at high temperatures.

MOCVD technique for preparing platinum group metal
coatings has been matured and perfected, and the
acetylacetonate platinum group metals are still the most
efficient available precursor compounds. The research on
MOCVD technique in focuses on the

development of novel precursors, such as (CH3),Pt(L)Py and

[22-26]

recent years

subvalent  iridium  precursors Reducing  the
decomposition temperature of the complexes and enhancing
the reaction window are the key issues to improve MOCVD
technique. Currently, the high cost and low utilization rate of
precursors in MOCVD process are the main problems for
application in the industrial field.

2.2 ALD technique

ALD is a new preparation technique based on CVD
technique. Its principle is that the gas-phase precursor is
pulsed alternately into the reactor, chemically adsorbed on the
deposition matrix, and reacted to form a deposited coating.
The most crucial feature of ALD is that the surface reaction is
self-limiting, which makes the coating prepared by ALD
technique have the characteristics of uniform thickness and
good densification, and the choice of matrix materials is more
diversified. Thus, the thickness of the coating submonolayer
can be uniformly and accurately controlled over a large area™.

More and more reports are related to the preparation of
platinum group metal coatings by ALD technique, but most of
them are related to the research on catalysis and batteries™ .
Ir and Pt coatings have been studied in terms of high-
temperature oxidation resistance. Pt(MeCp)Me, and Ir(acac),
are usually selected as precursors for the preparation of Pt and
Ir coatings by ALD technique. Schmitt et al® found that
iridium coatings could be grown on any matrix after 100
deposition cycles. The coating size and shape were closely
related to the matrix material, so the coating properties could
be changed by adjusting the matrix material. Although this
method proves the feasibility of preparing Ir coatings on high-
temperature structural materials, the quality of the coatings
needs to be further investigated and verified. Gao et al®** not
only prepared Ir coatings with (111)-optimized orientation on
the surface of Mo matrix using Ir(acac), as the precursor, but
also proposed a novel idea of composite preparation of
coatings. The Ir coating was deposited by the combined
preparation method of ALD and MOCVD techniques, which
can take advantage of the fast deposition rate of MOCVD and
retain the continuous and dense characteristics of the Ir
coating prepared by ALD technique. The high-temperature
oxidation resistance was verified. Research on new precursors
facilitates the enhancement of coating quality. Hong et al®"
used tricarbonyl-(1,2,37)-1,2,3-tri(tert-butyl)-cyclopropenyl-Ir
as a novel precursor for deposition under oxygen atmosphere,
and the initial growth principle and growth law of the Ir
coating were investigated. The results show that smooth,
continuous, and dense Ir coatings can be formed on the matrix
surface at high temperatures. However, the growth
temperature and the matrix surface structure restrict the

density and size of the Ir coatings. Park et al® prepared Ir
coatings using tricarbonyl cyclopropenyl as the precursor. The
introduction of the cyclopropenyl ligand can improve
reactivity during the deposition process.

Although the platinum group metal coatings prepared by
ALD have good uniformity, controllable thickness, and dense
structure, the coating density is closely related to the matrix
composition, and the deposition rate is slow. Compared with
other preparation methods, ALD technique has no apparent
advantages.

2.3 DGP technique

DGP technique is a new physical vapor deposition (PVD)
technique developed based on the plasma nitriding technique
and proposed by Xu et al®*". Its principle is to form a coating
by generating a low-temperature plasma with a glow
discharge and sputtering the desired elements onto the target
matrix in a high-vacuum environment™ !, As shown in Fig.2,
DGP technique uses a three-electrode structure, containing an
anode, a cathode for placing the substrate, and a source
electrode for placing the coated target material. The plasma
generated during the glow discharge process bombards the
source electrode, and the target elements move towards the
substrate under the action of the electric field to form the
coating. The coatings prepared using DGP technique have
uniform composition, high purity, and dense structure. The
technique is conducted at low temperatures and has a high
deposition capacity.

The research on the preparation of high-temperature
oxidation-resistant coatings by DGP technique mainly focuses
on metals Ir and Pt. In Ref.[40—43], DGP technique was used
to prepare Ir coatings on the surface of refractory metal and
high-temperature resistant material™*. The coating structure
was columnar crystal with (220) -preferred orientation.
Although the coating deposition rate (2.9-5.7 um/h) is greatly
affected by the base material and working pressure, it is also
slightly higher than that of some other techniques. Zhang et
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Fig.2 Schematic diagram of preparation mechanism of platinum

group metal coating by DGP technique
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al™ prepared continuous and dense Ir coating on the surface
by DGP technique and
nanoindentation and scratch tests, proving that the coating had
good mechanical properties with a coating hardness of 800
HV and an elastic modulus of 644 GPa. Wu et al***" also
conducted relevant studies by preparing Pt coating under
different air pressure environments. They found that the

of WC ceramics conducted

preferred orientation of the coating was (220), and the coating
and the matrix were well combined (binding force>60 N).
However, the Pt coating prepared by DGP technique has some
pores, and the porosity is increased with the increase in air
pressure. Excessively high porosity makes the coating prone
to fail at high temperatures.

Although the deposition rate of platinum group metal
coatings prepared by DGP technique is fast and the target
utilization rate is high, the compactness of the coatings
prepared by DGP technique is lower than that by other
preparation techniques. There are fewer research reports on
the preparation of platinum group metal coatings by DGP in
recent years.

2.4 MS technique

The operating principle of MS technique is to use the
charged high-energy ions, which are accelerated by an electric
field, to bombard the target, causing atoms and molecules in
the target to escape and be deposited on the matrix surface, as
shown in Fig. 3. This process has high molding quality and
uniform and dense coating. MS technique is a more mature
PVD preparation technique. Currently, platinum group metal
coatings prepared by MS technique are mostly used in

s and their

sensitive components as well as semiconductor
applications in the preparation of coatings with high-
temperature oxidation resistance are rarely reported.

Mumtaz et al®*’" deposited Ir coatings on the surface of
C/C composites using radio frequency (RF)-MS and direct-
current (DC) -MS, and it was found that the Ir coatings
prepared by RF-MS were more homogeneous and intact by
comparison. It was further found that at 800 °C, the Ir coatings
heat-treated in N, atmosphere were dense, the surface was free

of cracks and dislocations, and the pores were significantly
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Fig.3 Schematic diagram of preparation mechanism of platinum

group metal coating by MS technique

reduced or even eliminated, compared with those before the
high-temperature treatment. El-Khakani et al®™ used the
sputtering of Ir targets with argon to achieve the preparation
of Ir coatings and to investigate the effect of different argon
pressures and RF power densities on the coating pattern. It
was found that the Ir coatings prepared by MS technique all
have (111)-optimally oriented polycrystalline structures, and
the argon pressure had a significant effect on the coating
structure. Huo et al™ prepared (100)-oriented Ir coatings on
the MgO matrix and investigated the influence of MS time on
the growth of Ir coatings. It was found that the (100)
preferential orientation of Ir coatings changed to (200)
preferential orientation with the prolongation of deposition
time. The surface roughness was also increased and then
decreased with the prolongation of deposition time. The
sputtering time has a greater effect on the densification of Ir
coatings.

Although the quality of the coatings prepared by MS
technique is high, and the coatings are less affected by the
matrix material, the low target utilization rate and expensive
production cost significantly restrict the development of MS
technique for the industrial preparation of platinum group
high-temperature antioxidant coatings. At the same time, the
coating deposited by MS technique is thin, and further
improvement and optimization of MS technique are needed in
the future.

2.5 ED technique

ED technique is a commonly used process for coating
preparation and surface treatment. It contains a variety of
preparation systems, such as aqueous solutions, nonaqueous
solutions, and molten salts. The molten salt ED process is a
simple process with fast deposition rate and low cost,
compared with other preparation methods, as shown in Fig.4.
The coating prepared by ED process has good densification,
good coating uniformity, and large deposition thickness. Thus,
ED technique is an ideal process for preparing the high-
temperature antioxidant coatings of platinum group metals™.

Currently, more reports are related to ED-prepared Ir
coatings using the ternary eutectic system of NaCl-KCI-CsCl.
Compared with that in the NaCI-KCl, LiCIl-KCl, and Li-CI-
NaCl-KCI systems™ ", the Ir’" in this system exists in the
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Fig.4 Schematic diagram of preparation mechanism of platinum

group metal coating by ED technique
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form of [IrCl,]*". Besides, due to the presence of Cs” ions, a
stabilizing complex is formed, which results in a superior
quality of the prepared coating. Saltykova et al®*! prepared
Ir coatings under the NaCIl-KCI-CsClI system using DC and
reversing currents, conducted an in-depth study on the coating
properties and the influence of parameters, and found that the
quality of the coatings was more significantly affected by the
molten salt temperature, atmosphere conditions, and current
density. At the temperature of 773—873 K, the structure of the
prepared Ir coatings was dense and continuous. When the
temperature continued to increase, the coating structure was
dendritic, and the denseness deteriorated. With the increase in
the cathodic current density, the growth rate of the coatings
was increased linearly, and the surface roughness was also
increased. The electrode had a smooth Ir coating under the
condition of higher current density when the reversing current
11 prepared Ir coatings on the surfaces of
Mo, Re, and C/C composite matrices by ED technique at

was used. Zhu et a

600 °C in air, employing the chloride molten salt. By
comparison, the Ir coatings on the Re matrix were dense and
smooth, and they showed excellent bonding with the bond
strength greater than 16 MPa. In contrast, Mo and C/C
composite matrices were corroded by chlorides in the air, and
the interface between Ir coating and matrix was poorly bonded
and had low coating quality. Huang et al®*® ' investigated
the failure mechanism of Ir coatings prepared by ED
technique in high-temperature environment and found that the
failure of Ir coatings is mainly due to the volatilization of its
oxidation and the rapid diffusion of Re along the grain
boundaries of Ir coatings, resulting in the optimal oxidation of
grain boundaries and the formation of penetrating holes. The
diffusion distance of Re in the coating determines the
antioxidant property of the coating, and the longer the
diffusion distance, the better the antioxidant property. In this
regard, it is proposed that the high-temperature antioxidant
performance of Re-based Ir coatings can be improved by
preparing equiaxed crystalline structures with longer diffusion
distances.

Table 1 comprehensively compares the process conditions
and coating quality of different preparation techniques.

Although MS and DGP techniques can deposit high-quality
coatings, their deposition rate is slow. Although ALD
technique can deposit coatings on complex structures, its
deposition rate is slow. The matrix material dramatically
affects the coating quality, which restricts its application. At
the same time, the platinum group metal coatings deposited by
MS, DGP, and ALD techniques are thin, which restricts their
high-temperature oxidation resistance to a certain extent. In
contrast, CVD, MOCVD, and ED techniques have been more
mature and are the commonly used technical means for the
preparation of high-temperature antioxidant coatings of
platinum group metals, especially ED technique, due to its
low industrial cost. CVD, MOCVD, and ED techniques all

show a better development prospect™.

3 High-Temperature Oxidation Resistance of

Platinum Group Metals

The high-temperature oxidation resistance of platinum
group metals is discussed in terms of three main aspects:
oxygen affinity, high temperature vapor pressure, and oxygen
permeability. Table 2 shows the high-temperature oxidation
resistance of platinum group metals'"%.

The oxidation potential of platinum group metals is lower
than that of other metals, and the dense platinum group metals
are inert at room temperature, except for Ru and Os. The order
of affinity for oxygen is as follows: Pt<Pd<Rh<Ir<Ru<Os.
The oxidation resistance of platinum group metals is mainly
related to the oxide film formed on their surfaces, preventing
the severe corrosion at ambient or slightly higher temperatures
in an oxygen-containing environment. Only when the
temperature reaches the critical temperature, the surface
oxides begin to dissociate and volatilize. In this case, the
oxidative volatilization rate of platinum group metals is lower
than that of most other high-temperature protective materials.

At high temperatures, the platinum group metals have low
vapor pressures, as shown in Fig. 5", Especially, Os, Ir, and
Ru have the saturated vapor pressures of only 2.0x107°, 2.1x
107, and 1.0x107° Pa at 1600 °C, respectively”. Refractory
metals have much higher vapor pressures than the platinum
group metals at the same temperature. This also means that at

Table 1 Comparison of preparation techniques of high-temperature antioxidant platinum group metal coatings

Technique Characteristic Coating quality Disadvantage
MOCVD Controllable deposition rate and Dense and highly uniform on complex- Expensive precursor; low utilization rate;
coating thickness; high deposition rate shaped parts complicated deposition atmosphere control
MS High molding quality; unaffected Dense and smooth on Low deposition rate; low yield; expensive
by parts complex-shaped parts target material; low bond strength
bGP Strong sedimentation capacity; Dense and smooth on complex-shaped Low deposition rate; expensive target
line-of-sight deposition parts with good adhesion material; complex equipment
ALD Coating quality related to matrix Controllable coating thickness; dense and Low deposition rate; thin coating thickness;
element; self-limiting ability highly uniform on complex-shaped parts restricted by the parts’ elements
Low cost; high deposition rate; high Dense and highly uniform on . )
ED Volatile and corrosive molten salt

yield; simple operation

complex-shaped parts with high purity
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Table 2 High-temperature oxidation resistance of platinum group metals'"*"!

Metal Ru Rh Pd Os Ir Pt
Melting point/°C 2250 1960 1552 3030 2443 1769
Oxidation reaction temperature/°C Room temperature 600 400 Room temperature 600 500
RuO, RhO IrO, PtO
Oxidative product Rh,0, PdO 0s0,
RuO, Rh,0 IrO, PtO,
Decomposition temperature of oxidation products/°C - 1127 800 - 1100 900
Saturated vapor pressure at 1600 °C/Pa 1.0x107° 2.4x107° - 2.0x107° 2.1x10°  1.0x10™
Note: the vapor pressure of palladium at 1552 °C is 4.2 Pa.
Temperature/°C Temperature/K
3000 2500 220020001800 1600 1400 22400 20001800 1600 14001300
4 — T ™T T T T T T
107 T — y HfO,-10Y,0,
Melting temperatures/°C . Pd ° . Zr0,-10Y,0,
07 aars 1960 ; 13} \
0 NN 1552 T,
"'.q i T& 714 [ Al O Y203
g &0 23 CaZrO,
5 S5y
§ 10 ——g
g 8 -16 |
(0] _ -
g r:; 17
2107 g
218 |
o
~19
10*“3 i Ir
-20

10007 /K™
Fig.5 Relationships between vapor pressure and temperature of

platinum group metals under high-vacuum environment®”

high temperatures, platinum group metals have lower thermal
volatilization losses than the refractory metals. In the inert gas
environment at pressure higher than 1000 Pa, the evaporation
rate of platinum group metals is also decreased with the
increase in gas pressure.

Oxygen permeability is crucial, considering the platinum
group metals as high-temperature antioxidant coatings, as
shown in Fig.6"”. Except for Pd, the platinum group metals all
have low oxygen permeability. Pd has a higher solid solubility
to oxygen than other elements in the group, and it is
permeable to oxygen when the temperature reaches 1400 °C.
Ir has the lowest oxygen permeability among the platinum
group elements, and its oxygen permeability is lower than
3.5%x107" g- (cm's) ™' at 1075 -2200 °C and oxygen partial
pressure of 6666.1 Pa. The micron-thick Ir coating has the
same oxygen barrier effect as the 1 mm-thick SiO, at
1800 °C®. Although it also exhibits low oxygen permeability,
Pt reaches the limit value at 1400 °C. Thus, Pt metal can
hardly satisty the ultrahigh-vacuum service requirements.

Because Os and Ru have high oxidation rates and their
oxides are toxic, they cannot be high-temperature antioxidant
coatings. Pd permeability is high and cannot play a good
antioxidant protection role for the matrix at high temperatures.

4.0 455.0556.0 6570 75380
Reciprocal Temperature/x10~ K™

Fig.6 Oxygen permeability of different materials as a function of

temperature!®”

Ir, Rh, and Pt are currently desirable high-temperature
antioxidant coating materials. Particularly, Ir, serving as a
coating material as early as the 1980s®, was used on Re/Ir
thrust chambers with specific impulse levels as high as 322.2 s.
The rocket chamber completed the operation at 2200 °C for
7 h while exhibiting excellent resistance to ablation” ",
Although platinum group metals exhibit excellent high-
temperature oxidation resistance, they still have some draw-
backs in ultrahigh-temperature environments. First of all, the
oxide layer surface of the platinum group metals will disso-
ciate at high temperatures, generating gaseous volatile oxides
in the failure location to form a new oxide layer for matrix
protection. By repeating this process, the coating is gradually
thinned until it fails. The decomposition temperatures are
shown in Table 2. As the temperature increases, the thinning
rate of platinum group metals gradually accelerates. For
example, the consumption rate of Ir coating is 3.9 um/h at
1400 °C, while its volatilization rate is as high as 11 um/h
when the temperature is 2000 °C". Secondly, the platinum
group metals have high catalytic activity. In the high-tempe-
rature environment, the combination of active atomic state
gases on the surface releases more heat, causing higher surface
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temperature and exacerbating the depletion of platinum group
metal coatings”. Therefore, there is a need to modify the
platinum group metal coating to improve its performance.

In recent years, most studies on high-temperature oxidation-
resistant platinum group metal coatings have focused on their
modification. The essence of modification of platinum group
metal coatings is to improve their oxygen barrier capacity and
to reduce the catalytic activity while maintaining the original
low oxygen permeability, low vapor pressure, and ultrahigh
melting point under high-temperature conditions. Hence, the
high-temperature antioxidant advantages can be maximized
for high-temperature service requirements.

4 Alloying Modification of Platinum Group Metal
Coatings

Currently, the modification of platinum group metal coating
mainly involves the microstructure optimization, external
ceramic coating, and alloying modification. Although the
optimization of the structure can improve the quality of the
coating, it still cannot change the oxidation consumption rate
of the coating at high temperatures. The external ceramic layer
can directly block the contact between the platinum group
metal coating and the external environment. However, the
ceramic layer is prone to internal stress due to solid-state
phase transition, spalling, and loss of protective ability under
high-temperature Platinum group metal
alloying modification is based on in-situ replacement. As the

environments.

surface oxides of platinum group metal coating evaporate, the
alloying elements create a new oxide ceramic layer over the
surface to block oxygen intrusion. Platinum group metal-
modified coatings commonly use elements Al, Hf, Zr, and Ta
for optimization.

4.1 Alloying modification of Pt coatings

The concept of Pt-modified coatings was introduced in
1961, which is made of a mixture of Pt and other materials,
and the performance of the Pt-modified coating is much better
than that of the coating only containing Pt. Pt-Al coating is the
most mature system of Pt-modified coatings”™. On the one
hand, Pt can increase the diffusion coefficient of Al, which
makes it easier for Al to diffuse outward to form an AlLO,
protective layer”™; on the other hand, Pt can reduce the
interdiffusion of Al and refractory metal matrix, which

s %1 Pt-Al coatings have

improves the stability of the coating
good high-temperature antioxidant properties and excellent
antioxidant ability in the oxidation environment at 1050 °C™",
Yang et al®™
activity-high-temperature aluminizing technique. The dual-
phase PtAl, and the single PtAl coating were subjected to 300
oxidation cycles at 1100 °C. It was found that the phase
transition of the single PtAl coating occurred under the
oxygen-containing environment, which introduced a large
amount of stress in the middle of the coating and the oxidized
layer, resulting in wrinkles on the coating surface. In contrast,
the PtAl, coating was significantly better than the single PtAl

coating. Chong et al™ explored the oxygen barrier ability of

prepared dual-phase PtAl, coatings by low-

Pt,Al,M, (M=Pt, Cr, Hf, and Ta) ternary system-modified
alloy in high-temperature oxidation environment. After heat
treatment under oxygen conditions at 1300 °C for 100 h, the
cross-sectional morphologies were observed by electron probe
X-ray microanalysis (EPMA), as shown in Fig. 7% It was
found that the oxidation resistance of Pty,Al,,Cr, alloy at high
temperature was superior to other alloys. Cr,O, oxides are not
formed in an oxygen atmosphere. The addition of Cr enhances
the densification of protective layer of the AL, O, oxides. The
experiment results can fully correspond to the thermodynamic
calculations, and it has a good development potential as a
coating system. Currently, it is found that the service
temperature of Pt-based binary or multisystem coatings is
lower than 1400 °C , which cannot satisfy the service
conditions of high hypersonic vehicles above 1800 °C .
Problems, such as brittle fracture of PtAl system binary or
poly-alloys at high temperatures, have also not been
completely solved™, which is related to the mismatch of
thermal expansion coefficients between coatings and matrix
materials. These problems restrict the application and
development of Pt-based coatings as high-temperature thermal
protective coatings. Thus, improving the high temperature
protection and solving the problem of brittleness are the focus
of future research on Pt-based modified coatings.

4.2 Alloying modification of Ir coatings

The study of the alloying modification of Ir coating is a key
topic in the research of high-temperature oxidation-resistant
coating, and Al, Hf, Zr, and Ta are commonly added elements
in the current research. Table 3 summarizes the current
progress of Ir-modified coatings™* ",

Fig. 8 reveals the partial binary phase diagrams of the
Ir-M systems. The high-temperature oxidation resistance of
Ir-Al system coatings is good, and the dense AL O, oxide layer
on the surface achieves the primary purpose of thermal
protection. Lee™ and Hill® et al found that when the Al
content is lower than 55wt%, there are particular pores in the
AlLO, protective layer, and the protective effect is weak.
Chou®, Zhu"", and Ai” et al demonstrated that when the Al
content reaches a certain threshold, Ir-Al alloys have an
Ir-Al, ,,/Ir-Al bilayer structure, which is capable of attaching
to the surface of the Ir coating with good interfacial bonding.
In plasma wind tunnel tests, the surface temperature of Ir-Al
was maintained at 1520 °C under heat flow density of 3 MW/m’,
while the surface temperature of pure Ir already reached
2494 °C under heat flow density of 2.03 MW/m*"*. Adding Al
can reduce the catalytic activity and improve the overall high-
temperature oxidation resistance of the Ir coatings. However,
Ir-Al,,;, has a low melting point, the oxide protective layer
melts and fails above 2000 °C, and the coating depletion is
accelerated”™”. Thus, the system cannot meet the
development needs at higher temperatures. Similar to the case
in Ir-Al alloy system, the content of the modifying elements in
the Ir-Hf and Ir-Zr systems also needs to reach a certain
threshold to form the dense oxide layer™. Hf (2810 °C) and
Zr (2610 °C) are similar, and their oxidation temperature is
both higher than that of Al (2050 °C). Therefore, they can
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Fig.7 Cross-sectional morphologies (a, e, j, 0) and EPMA element distributions (b—d, f-i, k—n, p—s) of Pt,,Al ,M, alloys after oxidation in air at
1300 °C for 100 h™: (a—d) without the third metal element; (e—i) M=Cr; (j-n) M=Hf; (o-s) M=Ta

Table 3 Comparison of high-temperature oxidation resistance of Ir and Ir-modified binary system coatings

[73,85-87]

System Protective oxide Ultimate temperature/°C Ultimate heat flow/MW-m™ Failure mode
Ir - 2446 1.6 Melting, oxidizing, and volatilizing
Ir-Hf HfO, 2268 6.6 Ir melting
Ir-Al AlLO, 2050 3.5 ALO, melting
Ir-Zr Zr0O, 2320 6.1 Ir melting
Ir-Ta Ta,O; 1800 2.5 Ta, O, melting or broken ZrO,
resist high temperatures above 2200 °C in the atmosphere thermodynamic properties and structural stability of

containing oxygen. Zhang®™ and Li®' et al modified Ir
coatings by powder solid infiltration method and prepared
coatings of Ir-Hf and Ir-Zr systems with a multilayer structure,
which also showed better antioxidant properties, as shown in
Fig. 9™ ¥, The ultimate heat flow density of the Ir-Hf system
in the wind tunnel test was 6.6 MW/m’. The surface
temperature was maintained at 2200 °C, and the service life
was higher than 400 s®. The ultimate heat flow density of the
Ir-Zr system is 6.1 MW/m’. The surface temperature is
maintained at 2240 °C with a service life of about 100 s"”.
However, the mechanical properties of ZrO, are inferior,
compared with those of HfO,, which is prone to rupture,
leading to coating failure®. Ir-Ta and Ir-Y alloy coatings are
less effective and fail under the heat flow density of less than

3.5 MW/m*™.. Comparing the results in Ref.[95-96], under
the same environment, the more the intermetallic compounds
in the alloying-modified Ir coating, the better the oxidation
resistance of the coating.

According to related reports, adding more elements to form
ternary or even multivariate Ir coatings can enhance the

coatings'”. However, the more the added elements, the lower
the service temperature of the coatings. For example, the
protective temperatures of Ir-Al-Hf and Ir-Al-Zr systems are
1890 (ALO,-HfO,) and 1860 (Al,0,-ZrO,) °C, respectively,
which are much lower than those of the binary systems®,
such as 2050 (ALO,), 2680 (ZrO,), and 2810 (HfO,) °C.
Adding elements can provide good protective effect in service
below 1800 °C, but the protective effect above 1800 °C is
much worse than that of the binary system coatings. Different
coating systems of Ir coatings can be selected according to
their service conditions.
4.3 Alloying modification of other platinum group metal
coatings

Due to the high price of platinum group metals and their
high catalytic activity, except for Pt and Ir, there are relatively
few research reports on the modification of coating of
platinum group metals, and most of them discuss the catalysis,
separation, and other techniques™'®. Al, as an additive
element, is widely used in alloying modifications of platinum
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Fig.9 Temperature measurement points (a, ) and corresponding SEM microstructures (b—d, f—h) of Ir-Zr alloy coating (a—d) and Ir-Hr alloy

coating (e-h) of plasma wind tunnel during ablation test'*¢*")

group metal coatings. Pd-Al coatings have similar structures
to Pt-Al coatings. Some studies have shown that the thermal
stability and mechanical properties of Pd-Al coatings are
better than those of Pt-Al coatings"” '*. However, the related
studies are not profound, and the enhancement is related to the
relatively high oxygen permeability of Pd.

The research about Rh for high-temperature oxidation
resistance mainly focuses on the modified alloys. Rh-Pt!'* "
and Rh-Irf"* " have excellent high-temperature
mechanical properties and antioxidant ability, which are
always the research hotspot in ultrahigh-temperature structural
materials. Powder metallurgy, spray molding, and internal

alloys

oxidation are usually used to prepare Rh-Pt and Rh-Ir alloys.
As a coating system, its preparation is complicated. Studies on
Rh-Pt and Rh-Ir coatings are rarely reported. In addition, Rh,
as the most expensive element in the platinum group metals,
has a lower melting point (1964 °C ), inferior oxygen
permeation resistance, and low vapor pressure, which makes it
less promising than Ir-based coatings for aerospace and
weapon applications.

5 Conclusions and Prospects

Platinum group metal coatings, as high-temperature

antioxidant coatings, have been widely noticed and applied in
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the field of high-temperature antioxidants due to their
excellent properties and characteristics.

1) As the common materials for high-temperature antioxi-
dant coatings, platinum group metal coatings are prepared by
diverse and relatively mature techniques. However, the bond-
ing problem between the coating and matrix, the oxidation
problem at the grain boundary, and the unclear microstructure
growth in the preparation process still need further exploration
and consideration. Considering the high cost of platinum
group metals and the requirements of preparation techniques,
molten salt ED is the most suitable preparation technique. At
present, the preparation of Ir coatings by molten salt ED is
relatively mature, and how to promote the application of the
molten salt ED technique to the preparation of other platinum
group metal coatings requires more in-depth research.

2) Compared with the platinum group metal elements of
high-temperature oxidation resistance, the oxidation rate of Os
and Ru is high, and their oxides are toxic. Pd has a relatively
high oxygen permeability. Os, Ru, and Pd cannot be used as
high-temperature antioxidant coating materials. Pt is perme-
able to oxygen at 1400 °C. To satisfy the service conditions of
ultrahigh-speed vehicles, only Ir and Rh can be used. The
melting point and resistance to oxygen permeability of Rh are
lower than those of Ir, and the price of Rh is higher than that
of Ir. Ir is currently the ideal high-temperature antioxidant
coating material for hot-end components of hypersonic aircraft.

3) Alloying modification is one of the effective methods to
improve the high-temperature oxidation resistance of platinum
group metal coatings. Currently, Hf, Al, and Zr are the
commonly used additive elements for coating modification.
Through the in-situ generation of dense oxides, the coating
plays an inevitable role in enhancing the antioxidant
performance of the coating. Concerning the multisystem
modification of platinum group metal coatings, although the
problems of coatings modified by single element can be
reduced, the melting point of the mixed oxides is lower than
that of modified (Ir-Al-HY).
Therefore, the multifunctional modification of the platinum

single-element coatings
group metal coatings still needs investigation to find a more
suitable modification technique to achieve a synergistic effect.

4) Multicomponent and multilayer structure coating designs
are the vital development directions for platinum group metal
coatings. Platinum group metals are expensive, and designing
coating structures through calculations can result in significant
cost savings. Research and development of new preparation
process techniques or a combination of various preparation
methods should be conducted, providing more possibilities for
application in aerospace and defense fields.
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