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Abstract

Nb-based alloys are regarded as a vital high temperature structural material. Unfortunately, the low oxidation resistance of
the alloys limits their application under aerobic conditions at high temperature. Surface coating technology is considered to
be an ideal method to solve this problem. This paper reviewed recent progress on silicide coatings on Nb and Nb-based alloy,
and focused on different types of modification techniques. The microstructure, phase composition and oxidation properties
of various silicified coatings are analyzed. The effects of modified elements and second phase on the oxidation mechanism
of silicide coatings are also summarized. Finally, the existing problems and future development direction of various silicide

coatings are pointed out.
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1 Introduction

Nb-based alloys have a good toughness, high melting point,
good electrical and thermal conductivity and sufficient high
temperature strength. Therefore, they are widely used in
superconducting materials, aerospace, atomic energy, elec-
tronics and other industrial fields [1-4]. However, the low
oxidation resistance of the alloys prevents their long-term
use in high temperature aerobic environments [5, 6]. At pre-
sent, the alloying method and surface coating technology are
two main methods to solve this problem [7, 8]. The oxidation
resistance of Nb can be improved partly by addition of sili-
con, and Nb-Si based alloys have good mechanical proper-
ties [9]. Unfortunately, this is not sufficient to solve the prob-
lem of poor oxidation resistance of the alloys [9, 10]. This
is because the alloys will be oxidized to form unprotected
porous Nb,O5 and NbO, oxides under high temperatures aer-
obic conditions, which does not prevent further oxidation of
the alloys [11-15]. In addition, adding appropriate amount
of Al, Ti, Cr, Hf and other elements to Nb-Si based alloys
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is also beneficial to improve their oxidation resistance [16,
17]. Among them, Hf and Ti can reduce the growth stress of
oxides and maintain the integrity of the oxide layer [18]. Al
and Cr are good to reduce the diffusion rate of Nb and slow
down the oxidation of the alloy [19]. However, improper
elemental ratio will make the mechanical properties of the
alloys unsatisfactory. With the increase of Cr content from
2 to 17%(at%), the room-temperature toughness of Nb-Si
based alloys drop to 8.5 MPa-m'’? from 14.5 MPa-m'? 20,
21]. Therefore, the result of alloying is not satisfactory when
the mechanical properties and high-temperature oxidation
resistance of the alloys taken both into consideration at the
same time. Related scholars have realized that surface coat-
ing technology is an ideal method to overcome this problem
[22, 23]. The researches shows that the silicified coatings
have good thermal stability and their operating temperature
can reach 1600 °C. The SiO, protective film formed on the
surface of coating can act as a diffusion barrier to prevent
the diffusion of oxygen into the substrate. In addition, the
viscosity of SiO, at high temperature is low, and its fluidity
is enhanced, which makes the coatings have a certain self-
healing and resisting deformation ability [24-26]. Moreover,
the high-temperature oxidation resistance of the coatings can
be further improved with the addition of modified elements
and the introduction of second phases. Among them, the
addition of AL, B, W, Y, Re, Ge, Ce, Y,0; and aluminum
silicate (mullite) are the most common [27-29].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12540-022-01222-8&domain=pdf

Metals and Materials International (2023) 29:1-17

At present, there are many reports on the application of
surface coating technology in the oxidation protection of Nb
and its alloys [30]. This paper summarizes the researches of
domestic and foreign scholars in this field for many years.
In this work, the microstructure, phase composition, oxida-
tion behavior and failure mechanism of various silicified
coatings on Nb-based alloys are analyzed and summarized,
comprehensively. The main silicified coatings are divided
into four categories: single silicified coating, composite
silicified coating, single element modified silicified coat-
ing and composite element modified silicified coating. The
effects of the addition of various modified elements on the
oxidation behavior of coatings are summarized in depth, and
the specific measures improving the oxidation resistance of
coatings at high temperature are pointed out.

2 Microstructure and Oxidation Properties
of Silicide Coatings

2.1 Single Silicide Coating

2.1.1 Microstructure and Phase Composition
of the Coatings

Single silicide coating is formed by interdiffusion between
silicon element and substrate and metallurgical bonding,
which has a single composition and structure [31, 32]. Hal-
ide activated pack cementation(HAPC), a significant surface
coating preparation technology, is favored by researchers
because of its wide source of raw materials, strong operabil-
ity, uniform composition of the coating prepared, compact
structure and good combination with the substrate. The prin-
ciple of this process is to mix the donor sources (Si, B, Al,
SiC powder, etc.), inert filler (Al,O; powder) and halide acti-
vator (NH,Cl/Na, NaF, etc.) in a certain proportion evenly,
put them into the corundum crucible. Then the substrate is
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embedded into the mixture, through inert gas and covered
with Al,O; plate. The crucible is placed into the furnace,
and at high temperature, the donor source in the mixture will
be deposited to the substrate surface by thermal diffusion to
form a coating, as shown in Fig. 1 [33].

Vishwanadh et al. [34] prepared the NbSi, coating by
halide activated pack cementation (HAPC) at different tem-
peratures, successfully, as shown in Fig. 1. It is observed
that the surface of the coatings are composed of uniform
silicified particles, and the particle size increases gradually
with increasing temperature. This is caused by the recrys-
tallization of NbSi, particles in the deposition process, as
shown in Fig. 2a—d. In addition, the interdiffusion between
Si and Nb enhance gradually with increasing temperature,
making the thicknesses of NbSi, and NbsSi; layers increase
significantly, as shown in Fig. 2e-h. Although a few micro-
cracks are observed on the surface of sample at 1200 °C, but
the interior of the sample is very dense, and a thin NbsSi;
layer forms between the coating and substrate, as shown in
Fig. 2a and e. Similar results are also observed in the sample
deposited at 1300 °C, as shown in Fig. 2b and f. Moreover,
when the temperature is 1400 °C, a mass of pores appear
both on the surface and inside of the sample. This is because
the temperature is close to the melting point of Si (1410 °C),
which makes the precipitated Si particles melt soft, resulting
in the formation of pores between NbSi, particles, as shown
in Fig. 2c and g [35]. It is worth noting that when the deposi-
tion temperature reaches 1500 °C, the coating has a smooth
and dense surface, and there are white pure Si precipitates in
local areas. However, obvious cracks were observed inside
the coating, which is related to the mismatch of the thermal
expansion coefficient (CTE) between the coating and sub-
strate, as shown in Fig. 2d and h.

Liu et al. [36] produced MoSi, coating on surface
of the Nb-10Hf-1Ti alloy by two-step deposition pro-
cess. It can be seen that the coating has a rough surface
with some cracks and holes. Similar phenomena also be
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Fig. 1 Schematic diagram of the co-deposition reaction model of the HAPC method
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Fig.2 The images of surface and corresponding cross-section of the NbSi, coatings were obtained on the surface of Nb-1Zr-0.1C alloy by

deposited at different temperatures for 6 h [34]
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Fig.3 Schematic diagram of the SAPS process principle [38]

observed between the MoSi, layer and bond layer inside
of the coating, as shown in Fig. 3a and b, respectively.
The mismatch of CTE between MoSi, (8.0 X 107/°C) and
substrate (7.8-8.2 x 107%/°C) is the main reason for this
result [37]. As an important surface engineering technol-
ogy, supersonic plasma spraying technology(SAPS) has

67.758i-32.25Mo

Molten splats

the advantages of high deposition efficiency, low energy
consumption, low cost and good coating quality. Its prin-
ciple is to take the plasma arc as the heat source, the work-
ing gas (N,, H,, Ar, He, etc.) is heated to form high tem-
perature and high speed plasma jet (the temperature can
reach tens of thousands of degrees Celsius). The plasma jet
can heat the spraying material to molten and semi-molten
states, and spray it to the substrate surface at high speed
to form coating, as shown in Fig. 3 [38].

Sun et al. [39] reported the MoSi, coating obtained by
SAPS technology. The surface of the coating is composed
of molten and semi-molten particles with poor uniformity
and a large number of pores. This is caused by the melting
and recrystallization of the spraying material on the coat-
ing surface [40, 41]. In addition, some areas of the coating
surface oxidized because of the high spraying temperature
and the fact that the whole process took place in air. The
tests result of XRD shows that both points A and B contain
a small quantity of SiO,, as shown in Fig. 4c. While the
interior of the coating is relatively dense and the overall
thickness is about 200 pm, as shown in Fig. 4d.
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Fig.4 Typical surface and corresponding section morphology of MoSi, coatings on Nb-based alloys and Nb; a and b [36], ¢ and d [39]
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2.1.2 Oxidation Properties of the Coatings

Choi et al. [42] researched the oxidation behavior of NbSi,
coatings at different temperatures. The results show that
oxidized coatings are composed of an oxide layer, a NbSi,
layer and an interface layer, respectively. In the temperature
range of 1000 °C to 1200 °C, some cracks were observed
inside the coatings, the thickness and the porosity of the
oxide layer increase significantly with the increase of tem-
perature, as shown in Fig. 5a—c. However, the coating has a
maximum Amnm/S, a thickest oxide layer and a highest poros-
ity at the deposition temperature of 1300 °C, as shown in
Fig. 5d. Moreover, a mass of white oxide particles were
observed at the sample appearance, as shown in Fig. 6.
The authors believe that the volatile NbO, produced by the
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pore
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decomposition of Nb,O5 during oxidation is the main rea-
son for this result [43]. When the temperature is between
1400 and 1450 °C, the oxide layer of the coatings becomes
thinner and tends to be smooth, as shown in Fig. 5e and f.
This is attributed to that the c-SiO, with a high density and
certain fluidity is generated, which is spreading along the
coating surface and filling up the pores in the oxide layer.
It should be noted that the thickness of the interfacial layer
(NbsSi,; layer) increases gradually with increasing tempera-
ture because of the principle of thermal diffusion. Overall,
the oxidation of the coating is complex and does not show a
simple dependence on temperature. The quality of the oxide
layer, the stability of the structure and the self-healing abil-
ity of the coating all have important effects on its oxidation
behavior at different temperatures.
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Fig.5 The images of cross-sectional of the oxidized NbSi, coating observed for 50 h at different temperatures [41]
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The pictures of the oxidized MoSi, coating on the
Nb-5 W-2.2Mo-1.6Zr(wt%) alloy are shown in Fig. 7 [39].
The results show oxidized coating has a more smooth and
even surface, which is composed of black particles (Mo5Sis)
and gray glassy film (Si0,), respectively. However, due to
the differences in CTE between MosSi; and SiO,, some
microscopic cracks are still observed on the surface of the
coating, as shown in Fig. 7a. The oxide layer is mainly
composed of SiO,, which shows continuous inhomogene-
ity because of the high surface roughness of coating. At the
same time, SiO, has good fluidity at high temperature, which
is improves the self-healing ability of the coating to some
extent, as shown in Fig. 7b [44]. The interior of the coating is
mainly composed of MoSi,, MosSi; and SiO,, and contains
a large number of pores. Which is caused by the decomposi-
tion of MoSi, and the generation and volatilization of MoOj,
as shown in Fig. 7c. Liu et al. [37] reported that the MoSi,
coating can provide effective protection for Nb-10Hf-1Ti
alloy for a long time at the temperature of 1200 °C. After
100 h of oxidation, the coated sample still maintained its
intact structure, and its mass gain was only 0.64 mg cm™>.
However, the bare alloy was completely "powdered" after

oxidation for 10 h, as shown in Fig. 8a. The fitting results
of oxidation kinetics curves of coating samples show that
the process follows a parabolic rule [45]. According to the
relevant formula, the oxidation rate kp of the coating is only
1.69x 10~* mg*cm~*h~!, as shown in Fig. 8b [46].

2.2 Composite Silicide Coatings
2.2.1 Microstructure and Phase Composition of Coatings

Composite silicide coating is a kind of coatings obtained
through the organic combination of a single silicide coat-
ing, and its structure has been further optimized compared
with the single silicide coating [47—49]. The surface and
corresponding cross-section morphologies of typical com-
posite silicide coatings are shown in Fig. 9. Yue et al. [50]
prepared the MoSi,-Resi,-NbSi, coating by HAPC method.
XRD results show that there are a lot of SiO, and Al,O,
particles on the coating surface besides MoSi,. This means
that the original oxide layer formed on the coating surface
during the HAPC process [51]. In addition, a few micro-
cracks were also observed on its surface, as shown in Fig. 9a.
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Fig.7 Surface a and corresponding cross-section b of MoSi, coating after oxidation at 1500 °C for 43 h, ¢ is detail of the middle layer corre-

sponding to the white rectangle in b [39]
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Fig. 9 The BSE images of surface and corresponding cross-sectional of the various coatings on niobium and its alloy; MoSi,/ReSi,/NbSi, coat-
ing a and e [49], M10 coating b and f, M30 coating ¢ and g [51], WMM coating d and h [53]

However, the inner of coating is relatively dense, composed
of MoSi,, ReSi, and NbSi, layers from outside to inside.
Moreover, there is a thin (T1,Nb)sSi, transition layer between
the NbSi, layer and substrate, as shown in Fig. 9e. Zhang
et al. [52] prepared 10 wt% and 30 wt% mullite MoSi, coat-
ings (MM), respectively, on the surface of Nb521 alloy by
HAPC and SAPS techniques. Although the surface of coat-
ings was relatively rough, no obvious cracks, holes and other
defects were found, as shown in Fig. 9b and c. This is due to
the melted mullite filled up the pores on the coating surface
during the injection process. The inner coatings was very
dense and tightly bonded to the substrate, as shown in Fig. 9f
and g, respectively. Notably, many pores and unfused loose
particles are observed in the M30 coating. This is related to
the insufficient melting of MoSi, due to the high content of
mullite in the sample and its relatively low melting point,
as shown in Fig. 9g. In addition, Zhang et al. [53] also stud-
ied the WSi,-Mullite-MoSi, (WMM) composite coating on
Nb surface. Compared with MM coating, the surface of the
WMM coating was more uniform, the particles were finer,
and the typical lamellar structure was presented. The interior
of the coating was more dense and its porosity was reduced
significantly, as shown in Fig. 9d and h.

2.2.2 Oxidation Properties of the Coatings

The images of the oxidized composite silicide coatings are
shown in Fig. 10. It can be seen that the surfaces of MoSi,/
ReSi,/NbSi,, M10 and WMM coatings are smooth and com-
pact, with a uniform oxide film, as shown in Fig. 10a, b and
d [50, 52, 53]. Unfortunately, a mass of micro-pores were
observed in the lamellar Nb,O5 on the surface of MM coat-
ing, which may be related to the volatilization of MoO; and
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Si0,[54], as shown in Fig. 10c. In addition, many cracks and
holes appeared inside the MM coating, and serious exfo-
liation of the interface layer was observed, and the protec-
tive oxide film almost completely disappeared, as shown in
Fig. 10g. But, for oxidized MoSi,/ReSi,/NbSi, coating, a
thin MoSi,/ReSi, layer was still observed at the bottom of
the oxide layer of the coating, as shown in Fig. 10e. This
shows that the ReSi, layer improves the adhesion of MoSi,
layer, limits the diffusion of Si, and enhances the oxidation
resistance of the coating [55].

Zhang et al. [53] studied the effects of the addition of
mullite and WSi, on the oxidation properties of MoSi,
coating. The results show that the Am/S of MO and M30
samples changed significantly after oxidation for 118 h and
30 h. Among them, the oxide layer on the surface of sample
M30 darkened and decomposed, and the sample MO was
pulverized completely. However, after 70 h of oxidation, the
surface of M10 sample is very smooth and the mass change
is quite stable, only —4.06 mg-cm™2, as shown in Fig. 11a.
Even after 140 h of oxidation, it still shows stable oxidation
resistance, with a smooth and dense surface and a thin and
uniform oxide layer, as shown in Fig. 10b and f. Compared
with the single MoSi, coating, more amorphous SiO, was
detected on the surface of MM sample, which means that the
addition of mullite inhibited the crystallization of SiO, and
improved its fluidity at high temperature [54]. What is note-
worthy is that the mass loss of the WMM coating was only
4.41 mg-cm™2 after 500 h of oxidation, as shown in Fig. 11b.
The test results show that solid solution phases of (Mo,W)
Si, with the CTE similar to that of SiO, are formed on the
coating surface, as shown in Fig. 10d. Which is effectively
alleviating defects caused by CTE mismatch on the surface
of the coating [56—58]. The oxidized coating was composed
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Fig. 11 Oxidation kinetics curves and corresponding appearance pictures of different coatings at 1500 °C [53]

of the oxide layer, outer layer, porous layer and interface
layer. The results of chemical composition detection in typi-
cal regions of each layer showed that its main components
were Si0,, (Mo,W)Si,, (Mo,W);sSi;, (Mo,W,Nb)sSi; and
NbsSis, respectively, as shown in Fig. 10h. This means that
the WSi, inhibits the diffusion of Si element, maintains the
structure of coating, and ensures the oxidation service life
of coating at high temperature [59].

3 Microstructure and oxidation behavior
of modified silicide coatings

Adding appropriate amount of modified elements to the
silicified coating is a vital way to enhance the high-tem-
perature oxidation resistance of coating. Among them, the

researches of Al, B, Y, Re, Ge, Ce and other elements to
improve the oxidation properties of Nb and its alloy surface
silicide coating have been favored by relevant scholars.

3.1 Silicide Coating Modified by Single Element

3.1.1 Microstructure and Phase Composition
of the Coatings

Wang et al. [60] produced the Ge-modified silicide coating
by HAPC method. The interior of the coating has uniform
composition, dense structure, and a few cracks. The results
of XRD and EDS analysis show that the main components
of inner and outer layers are (Nb,X);(S1,Ge); and (Nb,X)
(S1,Ge),(X represents Ti, Cr, Hf elements), and their
thicknesses are 11 pm and 165 pm, respectively, as shown
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in Fig. 12a. This indicates that during diffusing into the
substrate, the concentration of Nb, Ti and other elements
increases gradually, while the Si element decreases gradu-
ally. In addition, due to the phase with higher Nb content
has a larger lattice constant, higher Ge content is detected
in the diffusion layer [61-63], as shown in Fig. 12e. Qiao
et al. [64] prepared the Y-modified silicide coating by Si-Y
co-deposition technology. EDS test results show that the
coating is composed of light gray (Nb,Cr) Si, and dark
gray (Cr,Nb) Si,, with an overall thickness of more than
200 pm, as shown in Fig. 12b. Noteworthy, there is no
obvious change in Si concentration distribution throughout
the coating, and the content of Y element on the outer side
of coating is slightly higher than that on the inner side, as
shown in Fig. 12f. However, the Mo-Si-Al coating has an
obvious layered structure, which consists of a dark gray
outermost layer, a gray and white inter layer and a light
gray inner layer. The analysis results of the components
of each layers show that the outer layer is Mo(Si,Al), rich
layer, the middle layer is Mos(Si,Al), and AlgMoj; rich
layer, and the inner layer is AIMojs rich layer, as shown in
Fig. 12c and g [65], respectively. The Mo-Si-B coating has
a relatively uniform and dense surface, which is main com-
ponents are MoSi, and B,05-Si0,, as shown in Fig. 12d
[66]. This is due to the presence of a small amount of
oxygen in the system during the preparation of coating,
resulting in the oxidation of local areas on the surface of
coating. The results of WDS analysis show that there is
an obvious layered structure inside the coating, and the
B element is mainly distributed in the intermediate layer
composed of (Nb,Ti)sSiB,, as shown in Fig. 12h. Which
means that the solubility of B in MoSi, (outer layer) and
(Nb,Ti) Si, (inner layer) is low [67].

Crack

Outer layer (165um)

(CrNb)Si,

v
{ Transitional layer (11jum)

Substrate

Y s Nb

vaarse

=280
¥ 14

«

— . . v R
. .

o gpaes

. .
[} == SVEDUDEE SUNIVER SEDEEDE WY

«

.

» > S— . .

3 4 ==t S

0 20 40 60 80 100 120 140 160 180 200
Distance from specimen surface (um)

°

0 40 0 120 160 200 240

Distance from specimen surface (4m)

Intensity(a.u.)

2 2 ' ) “ b

3.1.2 Oxidation Properties of the Coatings

The images of the oxidized silicide coatings modified by
single element are shown in Fig. 13. It is observed that the
surface of the oxidized Mo-Si-Al coating is covered with a
shiny particles layer, and its main ingredients are a-Al,O4
and Mos(Si,Al);, as shown in Fig. 13a [65]. In addition,
many pores were observed in the Mos(Si,Al), layer, which
may be related to the production of volatile MoO5. How-
ever, the internal structure of the coating remained intact and
tightly bonded to the substrate, as shown in Fig. 13e. The
selective oxidation of Al element promoted the formation
of protective oxide film on the surface of the coating, pro-
longed the oxidation service life of the coating, as reported
in the study of Majumdar [68, 69]. The results of EDS and
XRD test show that a compact B,05-SiO, layer formed on
the surface of the oxidized Mo-Si-B coating, and the dif-
fraction peak of MosSi; was detected in the area of the thin
oxide layer, as shown in Fig. 13b [70]. The internal coating
is very dense and uniform, and the bonding between lay-
ers is good, as shown in Fig. 13f. This indicates that the
addition of B improves the fluidity of SiO,, and promotes
the formation of protective B,05-Si0, film on the coating
surface [71, 72]. The oxidized Ge-modified silicide coating
has a smooth and compact surface, which is composed of
dark gray glass phase (SiO,) and light gray lamellar phase
(Ti0O,), as shown in Fig. 13c [60]. Its oxide layer is uniform
and dense, with a thickness of about 50-60 pm, and trace
GeO, particles are detected in it. The researches show that
generation of GeO, can effectively reduce the viscosity of
Si0, at high temperature and improve its fluidity, which is
improving the self-healing ability of the coating under high
temperature oxidation [73].
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Fig. 12 Cross-section morphology and composition analysis of differ-
ent coatings on Nb-based alloys; Ge-modified silicide a and e [60],
Y-modified silicide b and f [64], cross-sectional morphology ¢ and
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XRD test results g of the Mo-Si-Al coating [65], BSE pictures of sur-
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Fig. 13 The oxidized surface and corresponding cross-sections of
the various silicide coatings modified by single element on Nb and
Nb-based alloys under different conditions; Mo-Si-Al coating a and

Xiao et al. [74] researched the affect of Ce element on
the oxidation behavior of MoSi,-NbSi, composite coating
at high temperature. It is observed that the oxidized surface
of the Ce-modified MoSi,-NbSi, coating was covered with
a layer of molten SiO, and granular bulges, the interior of
the coating is very dense, and the layers are closely bonded,
as shown in Fig. 13d and h, respectively. The surface of
the oxidized MoSi,-NbSi, coating has more granular bulges
than that of the modified coating, and their Rsa are 2.027 pm
and 1.776 pm, respectively, as shown in Fig. 14. This may
be related to the finer surface grains of the modified coat-
ing. Further study showed that the average oxidation service
life of the modified coating at 1600 °C was 28.5 h, slightly
higher than 24.7 h of the MoSi,-NbSi, coating. Furthermore,
the exposure time is proportional to the square of the mass
change per unit area (Am/S) of the coating, and the coat-
ings oxidation parabolic constant kp of the are calculated, as
shown in Fig. 15 [75]. Which is due to that element Ce can
refine the grain size of the coating, optimize the structure

Fig. 14 Surface roughness (a)
analysis of different coatings .
after oxidation at 1600 °C for
12 h; MoSi,-NbSi, coating a,
Ce modified MoSi,-NbSi, coat-
ing b [74]

Rsa 2.207pm (b)

Oxidation &t 1250 € for 100 h [KC)) \ o'xi‘g&tioh at 1600 C for 12 h

A ~
SiO, :

S0,

(Nb, X)(Si; Ge), layer  +—Cr,0;
(Nb, X)«(Si, Ge); layer

" Substrate .

e [64], Mo-Si-B coating b and f [70], Ge-modified silicide coating ¢
and g [60], Ce-modified MoSi,-NbSi, coating d and h [74]

of the coating, and prolong the high-temperature oxidation
service life of the coating [76].

3.2 Silicide Coating Modified by Composite
Elements

3.2.1 Microstructure and Phase Composition
of the Coatings

The images of silicide coating modified by composite ele-
ment are shown in Fig. 16. It can be seen that the average
grain size of Si—Ge-Y coating is only 0.84 um, which is
significantly lower than the 2.47 um of Si-Ge coating, as
shown in Fig. 16a and b. This is due to that the solubility of
element Y in the grain is low, and the nanoscale Y;Al;0,
particles are distributed at the grain boundary, which makes
the Si—Ge-Y coating has a smaller grain size. The Si-Ge-Y
coating is consists of a dense outer layer and a continuous
transition layer, and their thickness are 179 pm and 12.1 pm,

Rsa 1.776pm

@ Springer



10 Metals and Materials International (2023) 29:1-17

(a) 10 T (b) 100 —— T
—a— Ce-modified MoSiy-NbSi, coating /r"" B | @ Ce-modified MoSi,-NbSi; coating
®— MoSi,-NbSi, coating r A > g, *  MoSiy-NbSi; coating A e
/ 2850 | T2 gl » -
~ 8k E \ e ®
5 ik A > aW
) - ED [ -.i\\\ * e /\
g ¢} . Z e} o 9 e a%
S "fa EU . .. ™
80 ) 1 ’ aly
= I3 - s qg\
S « R V-
= 4ar = 40r P P
< < >
§ s 2 L :,«
« 7
= o} = 2} }
- .,
4 4 ‘J s
o L L A ALal ol 1 Lal L L L Lal o Ul o'.l.l.l.l.l La L o) (T S B - P fEhea B2
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Oxidation time / h Oxidation time / h

Fig. 15 Weight gains a and square of weight gains b of MoSi,-NbSi, coatings with and without CeO, after oxidation at 1600 °C [74]
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Fig. 16 Surface FESEM image of Si-Ge coating a, surface b and magnified view of the its IDZ e. Plot of In(kp) vs. 1/T for the IDZ in
cross-sectional ¢ FESEM images of Si—-Ge-Y coating [77]. Cross- samples with and without Al,O5 diffusion barrier f [80]
sectional images of Mo-Si-B/Al,O; composite coating d and the

respectively, as shown in Fig. 16c. The outer layer of the  vapor deposition, which is a thermal barrier coatings(TBCs)
coating is made of (Nb,X)(S1,Ge),, while the transition layer =~ preparation technology with broad application prospects.
is composed of dark gray (Ti,Nb)s(Si,Ge), phase and bright ~ The principle of this process is to add spray powder to
gray (Nb,X)s(S1,Ge); phase and the proportion of the two  plasma gun, heat the material to liquid or vaporized state
phases is 66% and 34%, respectively [77]. This indicates that ~ with low pressure plasma arc as heat source, and then trans-
the Si and Ge elements content are gradually reduces in the  port it to the surface of the substrate through plasma air
process of spreading to the substrate [78]. flow to form coating. The whole process is carried out in

Plasma-physical vapor deposition (PS-PVD) combines  a vacuum chamber or in a protective atmosphere of inert
the advantages of traditional plasma spraying and physical  gas, as shown in Fig. 17a [79]. Hou et al. [80] produced the
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Fig. 17 TIllustration of PS-PVD process a [79], schematic diagram of Mo-Si-B/Al,0; coating preparation b [80]

Mo-Si-B/Al,0O5 coating on Nb-Si based alloy by PS-PVD
followed by spark plasma sintering (SPS) technology, suc-
cessively. The preparation process of the coating is shown in
Fig. 17b. Firstly, a Al,O5 coating with a thickness of 10 pm
was deposited on the alloy surface by PS-PVD technique.
Then the molybdenum, silicon and boron powders prepared
in proportion are mixed evenly through ball milling. The
deposited sample and mixed powder were put into SPS
equipment (Model 1050) and sintered at 1300 °C for 5 min
in Ar atmosphere, then the Mo-Si-B/Al,0O; coating will be
obtained at a pressure of 40 MPa [80]. The Mo-Si-B/Al,0;
coating is composed of dense Mo-Si-B outer layer and con-
tinuous Al,O; transition layer, as shown in Fig. 16d. The
main components at point 1, 2 and 3 in the transition layer
of the coating are MoSi,, Al,0; and Cr,Nb in turn, no ele-
ments from the substrate are detected in the Mo-Si-B layer,
as shown in Fig. 16e. The Ar rhenius plots of kp of Mo-Si-
B/Nb-Si and Mo-Si-B/Al,0,/Nb-Si samples are shown in
Fig. 16f. It shows that the activation energy Q of the sample
containing Al,O; diffusion barrier is 367 kJ/mol, which is
much higher than that of the sample without Al,O;. This
means that Al,O;, as a diffusion barrier, can effectively delay
the mutual diffusion between the coating and substrate [81].

3.2.2 Oxidation Properties of the Coatings

The images of the oxidized silicified coatings modified by
composite elements are shown in Fig. 18. It is observed that
the surface of coatings are composed of two phases with sig-
nificantly different brightness, namely dark gray flaky phase
and bright light gray granular phase, as shown in Fig. 18a—c.
Table 1 provides the EDS detection results at each point in a
typical region of surface of the coatings, from which we can
be inferred that their components are mainly SiO, and TiO,
with a small amount of Al,O; and Cr,O;. This indicates that
Ti, Al, Cr and other elements diffuse outward faster in the oxi-
dation process [78, 82, 83]. The oxidized coating is composed

of an oxide outer layer, a (Nb,X)(S1,Ge), middle layer and a
(Ti,Nb);Si, transition layer. Compared to the oxidation before,
the thickness of middle layer decreass obviously, and a mass
of pores are discovered in the outer coating. This is related to
the decomposition of silicides and Kirkendall effects caused by
the spread of Si, Ti and Al [84]. The existence of these holes
releases the thermal stress in the coating and effectively avoids
the generation of cracks [85, 86]. What is noteworthy is that
the thickness of (Ti,Nb)sSi, layer increases significantly with
the interdiffusion of the elements in each layer. The interior of
all coatings is uniform and dense, demonstrating good metal-
lurgical bonding with the substrate, as shown in Fig. 18d—f
[77, 82, 83].

Further researcher shows that that the oxidation rate of
Si—Ge-Y coating is slightly higher than that of Si-Ge coat-
ing in the initial oxidation stage, this is related to the smaller
grain size of the coating. However, the oxidation rate of
Si—Ge-Y coating is gradually lower than that of Si-Ge coat-
ing as the oxidation reaction enters the stable stage. The Am/S
of the two coatings oxidized for 100 h are 2.78 mg-cm ™2 and
5.42 mg-cm™2, respectively, as shown in Fig. 19a. It shows
that the formation of Y;Al;O, particles at the grain boundary
refines the grain size and promotes the formation of protective
Si0, and GeO, oxide films on the surface of the coating, which
makes the Si—Ge-Y coating has a better oxidation resistance
than that of Si-Ge coating [77]. It is observed that the (Am/S)?
of the coatings are approximately linear with time, as shown in
Fig. 19b. Which is indicating that the oxidation of the coating
follows a parabolic law [87].

4 Oxidation and Failure Mechanisms
of the Coatings

Figure 20 shows the oxidation and failure mechanisms of

various coatings on Nb and its alloys. It can be seen that the
coating consumption in the oxidation process not only comes
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Fig. 18 The oxidized surface and corresponding cross-sections of the various composite element modified silicide coatings on niobium and its
alloys at 1250 °C for 100 h; Si—Al-Y coating a and d [82], Si—-B-Y coating b and e [83], Si—-Ge-Y coating ¢ and f [77]
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Table 1 Chemical composition of the phases in Fig. 15a—c, determined by EDS analyses

Substrate Coating types Position ~ The types and content of elements (at%) Refs.
(0] Si Ti Nb Cr Al Hf Y

Nb-168i-22Ti-17Cr-2A1-2Hf  Si-Al-Y 1 7322 0.18 2447 072 065 051 024 - 82

2 68.80 1922  4.13 - 047 674 011 052
Nb-20Ti-16Si-6Cr-5Hf-4Al Si-B-Y 3 65.8 1.8 15.9 9.6 35 2.0 1.2 0.2 83

4 66.8 20.6 2.8 2.4 1.2 5.8 0.3 0.1
Nb-16Si-22Ti-17Cr-2A1-2Hf  Si-Ge-Y 5 67.3 29.5 1.7 - 1.6 - - - 78

6 72.4 33 22.4 - 2.0 - - -

(@) 60 (b

2

Si-Ge Coating

Si-Ge Coating

Mass gain, mg/cm
(Mass gain)l, (mg/cm’)z
a

Time, h Time, h

Fig. 19 Weight gains a and square of weight gains b of the coatings exposure at 1250 °C for 100 h [77]
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from the surface oxidation reaction, but also depends on the
diffusion growth of the inner interface layer. For the sin-
gle coating, with the formation and volatilization of NbO,/
(Mo0O;) during oxidation process, its porosity and the sur-
face roughness increases rapidly, which is not conducive
to the formation of protective oxide film on its surface. In
addition, due to the single composition and structure of coat-
ing, a mass of cracks will appear inside its internal during
the oxidation process, which is greatly deteriorates the high
temperature oxidation resistance of the coating, as shown
in Fig. 20a and b. For the composite silicide coating, the
ReSi, layer can act as a barrier to inhibit the diffusion of Si
element and maintain the structural integrity of the coating.
Mullite fills the pores on the surface of the coating and pro-
motes the formation of a continuous and stable oxide film.
The W element can combine with elements such as Mo,
Si and Nb to form (Mo, W)Si,, (Mo, W);Si; and (Mo, W,
Nb);Si; compounds inside the coating, which can uniform
the coating composition and inhibit the diffusion of Si ele-
ment. Moreover, the solid solution phases of (Mo, W)Si,
formed on the coating surface have similar CTE values to
that of SiO,, which can alleviate the surface cracking of the
coating to a certain extent, as shown in Fig. 20c and d.

The addition of modified elements makes the coating
have more uniform composition, compact structure and

Pores  Surface cracks

AN

NbSi,/ MoSi, layer

® o -

Nb/Nb based alloy
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/4 [*]
© 0

Oxide layer A
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c® o 0 ®
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0.00°
°,°°,° ;oo.

NbSi,-MoSij layer

©

Nb/Nb based alloy

Composite silicide coating

Oxidation

more stable oxidation resistance. The Al element is pre-
ferred to be oxidized to form protective a-Al,0; oxide
film, which reduces the oxygen partial pressure on the
surface of the coating and slows down the oxidation rate
of the coating. Furthermore, the Al,0; as the interface
layer between the coating and the substrate can effectively
alleviate the mutual diffusion between them and maintain
the integrity of the coating structure. The B and Ge ele-
ments can reduce the viscosity of SiO, at a high tempera-
ture, enhance its fluidity, and promote the formation of a
smooth and dense oxide layer on the surface of the coat-
ings. The Ce element can refine the grain size of the coat-
ing, optimize the structure of the coating, and enhance the
self-healing ability of the coating under high temperature
oxidation. The Y;Al;0,, particles formed by the combi-
nation of Y element and Al in the oxidation process can
effectively refine the grain size of the coating, reduce its
surface roughness and promote the formation of a smooth
oxide film on its surface. In addition, Some pores gen-
erated in the coating during the oxidation process effec-
tively release the thermal stress and avoid the generation
of cracks, as shown in Fig. 20 e and f.
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Fig.20 Schematic diagram of oxidation mechanism of silicide coating on Nb and Nb-based alloys
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Fig.21 Overview of the composition and oxidation characteristics of surface coatings on Nb and Nb-based alloys

5 Conclusions and Prospect

In this paper, the application of various anti-oxidation
coatings on Nb and its alloy are introduced in detail, the
composition and oxidation characteristics of coatings are
summarized as shown in Fig. 21. There is no doubt that the
composition and structure of the coatings have an important
effect on their oxidation behavior. Due to the single com-
position and structure of coating, various defects generated
during the oxidation process make the single silicide coating
unable to be used at high temperatures (1500 °C and above)
for long periods of time. Compared with single coating, the
structure of composite coating is further optimized. How-
ever, defects such as cracks in the coating can not be avoided
in the oxidation process as usual. At the same time, the rapid
growth of the interface layer also accelerates the consump-
tion of the coating. All these problems result in a significant
reduction in the oxidation life of such coatings. The modified
silicide coatings prepared by two-step process have smooth
surface, compact structure and uniform composition. This
makes their have excellent self-healing ability and stable
oxidation resistance at high temperature.

By optimizing the coating preparation process, com-
bining two or more processes organically to eliminate the
problems existing in the application process of a single
process. This will make the coatings have a more uniform

@ Springer

composition, denser structure and lower surface rough-
ness. In addition, the coating structure can be further opti-
mized by adding appropriate amount of modified elements
or introducing the second phases. It can not only delay the
diffusion of Si elements to the substrate, inhibit the for-
mation of low silicon compounds (NbsSi;, MosSi;) with
poor oxidation resistance, but also promote the formation
of continuous and dense anti-oxidation film on the surface
of coating, and reduce the generation of volatile oxides
(NbO,, MoO; etc.). Therefore, the modified silicide coat-
ings obtained by multi-step have a bright application pros-
pect, which will be an important development direction in
this field in the future.
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