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Abstract: The commonly-employed material for thermal barrier coatings (TBCs) is 7 wt.%Y2O3−ZrO2 (7YSZ), generally deposited 
by electron beam-physical vapor deposition (EB-PVD). Due to the increasing demand for higher operating temperature in 
aero-derivative gas turbines, a lot of effort has been made to prevent the premature failure of columnar 7YSZ TBCs, which is induced 
by the microstructure degradation, sintering and spallation after the deposition of infiltrated siliceous mineral (consisting of 
calcium−magnesium−aluminum−silicate (CaO−MgO−Al2O3−SiO2, i.e., CMAS)). A new method called Al-modification for 
columnar 7YSZ TBCs against CMAS corrosion was present. The Al film was magnetron-sputtered on the surface of the columnar 
7YSZ TBCs, followed by performing vacuum heat treatment of the Al-deposited TBCs. During the heat treatment, the molten Al 
reacted with ZrO2 to form α-Al2O3 overlay that effectively hindered CMAS infiltration. Moreover, the Al film could evaporate and 
re-nucleate, leading to the generation of Al2O3 nanowires, which further restrained the moving of molten CMAS. 
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1 Introduction 
 

Modern gas turbines for energy and transportation 
particularly rely on thermal barrier coatings (TBCs) for 
improved efficiency and power [1,2]. Typically, the 
TBCs, made up of 7 wt.%Y2O3−ZrO2 (7YSZ), are 
commonly used as the insulation materials to improve 
the durability of engine components. Due to the porosity 
and low thermal conductivity, 7YSZ TBCs can provide 
excellent high-temperature insulation performance [3,4]. 
These TBCs are mainly produced by atmospheric plasma 
spraying (APS) [5], electron beam-physical vapor 
deposition (EB-PVD) [6] and plasma spray-physical 
vapor deposition (PS-PVD) [7,8]. EB-PVD is a method 
that has been widely adopted in industrial application 
because of its product showing high performance like 

good strain tolerance and excellent erosion resistance. 
However, siliceous minerals, including sand, runway 
debris, and volcanic ash (named CaO−MgO−Al2O3−SiO2 

(CMAS)), will be deposited on the surface of hot 
component during working. This causes hot chemical 
corrosion on TBCs surface, eventually leading to the 
premature failure of TBCs [9−11]. 

Due to the severe negative effects of CMAS attack 
on the service life of 7YSZ TBCs, new composition or 
infrastructure designs of 7YSZ TBCs are demanded to 
increase their resistance to the CMAS infiltration. The 
most commonly adopted strategy, called infiltration 
mitigation, is to use a reactive material to induce partial 
or full crystallization of molten CMAS glass through 
chemical interaction, which seals the porous features of 
the coating and stops any further infiltration [11]. The 
already applied methods under this strategy include:  
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doping of more resistant stabilizers in ceramic coating 
(such as Al2O3, TiO2) and rare earth oxides (such as 
CeO2, La2O3, Gd2O3) [12−14]; laser glazing and 
remelting of ceramic coating, providing a dense layer to 
prevent molten CMAS from penetrating into porous 
coating [14,15]; fabrication of a dense alumina overlay 
or dense Pt film on surface of ceramic coating [16,17]. 

A novel approach with lower cost, simpler operation 
as well as higher performance was presented in this work 
to protect 7YSZ TBCs from CMAS corrosion. An Al 
film was firstly deposited on the surface of EB-PVD 
7YSZ coating by magnetron sputtering. Then, α-Al2O3 

overlay was synthesized on the top of the columnar 
grains of the coating through in-situ reaction between Al 
and ZrO2 during vacuum heat treatment. This approach 
could help to decrease the size of the inter-columnar gap 
and slow down the oxidation rate of bond coating. 
Besides, this method improved the bending strength of 
single columnar grain and eventually enhanced the 
erosion resistance of the top coating. This method could 
offer a better CMAS corrosion resistance when each top 
7YSZ column was coated with a homogenous α-Al2O3 
overlay. Furthermore, during the vacuum heat treatment, 
Al2O3 nanowires were formed through evaporation and 
re-nucleation of the Al atoms, which could hinder the 
flow and infiltration of the molten CMAS too. 
 
2 Experimental 
 

Bond coating NiCoCrAlY and top coating 7YSZ 
were fabricated by EB-PVD sequentially on Ni-based 
superalloy, forming columnar 7YSZ TBCs. An Al film 
with a thickness of 5 μm was then deposited on the TBCs 
surface by magnetron sputtering. At the end, the 
Al-deposited TBCs underwent a vacuum heat treatment. 

The (2 wt.% CaO2−21 wt.% MgO−17 wt.% Al2O3− 
42 wt.% SiO2) corrosion performances of TBCs with and 
without Al-modification were investigated and compared. 
The CMAS powders were sprinkled on the surface of 
7YSZ coating (0.2 g/cm2). Then, the samples were 
heated at 1200 °C for 24 h followed by air cooling. The 
microstructures and compositions of 7YSZ TBCs were 
characterized by field emission-scanning electron 
microscopy (FE-SEM, Nova-Nono430, FEI) equipped 
with energy dispersive spectroscopy (EDS, Oxford 
INCAx-sight 6427). The phase structures of TBCs were 
identified by X-ray diffraction (XRD, D8-Advance, 
Bruker). The surface microstructures of Al-modified 
TBCs before and after CMAS corrosion tests were 
characterized by transmission electron microscopy (TEM, 
Titan Themis 200, FEI) assisted with focused ion beam 
(FIB, 450S, FEI). 

 
3 Results and discussion 
 
3.1 New TBCs design 

The 7YSZ TBCs prepared by EB-PVD have 
columnar structure. The columns are perpendicular to the 
substrate. Due to the different-sized gap among columns, 
the TBCs have good strain tolerance property. However, 
the 7YSZ coating will suffer CMAS corrosion when 
operating temperature is over the melting point of  
CMAS [18,19]. The inter-columnar gap would offer a 
direct pathway for inward diffusion of the molten CMAS 
from the external environment at such high temperature, 
resulting in loss of strain tolerance and decrease of 
thermal insulation of the TBCs [20]. In addition, the 
dissolution/re-precipitation activities between CMAS 
and 7YSZ coating can lead to the transformation of 
yttria-stabilized ZrO2 into yttria-depleted ZrO2, 
generating micro-crack in TBCs [10,19,21]. Therefore, to 
avoid the inward diffusion of molten CMAS along the 
columnar gaps is critical to improve the CMAS corrosion 
resistance of the 7YSZ coating. 

The novel TBCs design, namely Al-modification on 
the surface of 7YSZ TBCs, as shown in Fig. 1(a), was 
proposed herein to solve the above-mentioned problem. 
The surface of the columnar 7YSZ coating was covered 
by Al film with an appropriate thickness, determined by 
the thickness and porosity of 7YSZ coating. 
Subsequently, the Al-deposited TBCs were heat-treated 
under vacuum, during which the Al film melted and 
infiltrated into porous ceramic coating along the 
inter-columnar gaps. An in-situ reaction then occurred at 
the interface of molten Al and ZrO2 columns, forming 
α-Al2O3 phase [22−24] based on chemical equation: 
 
13Al+3ZrO2—2α-Al2O3+3Al3Zr                 (1) 
 

As a result, the top of each 7YSZ column was 
coated with an α-Al2O3 dense overlay, as illustrated in 
Fig. 1(b). In this case, the inter-columnar gap decreased, 
and some small gaps were even bridged by the α-Al2O3 

layer. It is reported that this has no significant negative 
influence on strain tolerance [10]. 

To further hinder the CMAS from infiltrating into 
columnar TBCs, Al2O3 nanowires are expected to grow 
on the surface of Al-modified TBCs, as shown in    
Figs. 1(c, d). Nanowires have the structure with at least 
one of their dimensions in the range of 1−100 nm, as a 
typical example, several microns long with a diameter 
less than 100 nm. The nanowires can be synthesized by 
the basic vapor-phase technique [25,26]. When the 
reactor is heated under vacuum, the source vapors 
inter-react and grow to nanowires. They deposit onto the 
catalyst supported synthesis in the vapor-phase method 
for the following reasons: (1) the substrate supports the 
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catalyst clusters and allows control of cluster temperature; 
(2) the substrate induces preferential precipitation at 
substrate−catalyst cluster interface. Therefore, the use of 
substrate is essential for maintaining 1-D growth in 
captor-phase precursors typically. 
 
3.2 Al-modified 7YSZ TBCs 

As is well-known, typical columnar structure with 
different-sized gaps exists in as-coated EB-PVD 7YSZ 
(Figs. 2(a, b)). Figures 2(c, d) show that the EB-PVD 
7YSZ TBCs were covered by Al film through magnetron 
sputtering. Island-like Al film was deposited on the 
surface of 7YSZ coating, as seen in Fig. 2(c), and a 
strong bond between the film and the 7YSZ coating 

supposedly existed according to the compact contacting 
interface between Al layer and columns, as seen from 
cross-sectional microstructure presented in Fig. 2(d). 
These observations prove the effectiveness of the above- 
proposed TBCs design. 

After vacuum heat treatment, the Al-deposited 
7YSZ TBCs were transformed into Al-modified 7YSZ 
TBCs, whose microstructure is depicted in Fig. 3. It can 
be seen from Figs. 3(a−c) that a lot of nanowires grew on 
the island-like surface. A dense overlay was formed on 
columnar 7YSZ TBCs and just below the loose layer of 
nanowires, as shown in Fig. 3(d). Both the overlay and 
the nanowire were composed of α-Al2O3 according to  
the XRD phase analysis, as represented in Fig. 4, and the  

 

 
Fig. 1 Design diagram of Al-modified EB-PVD TBCs: (a) Al-deposited TBCs; (b) Al-deposited TBCs after vacuum heat treatment; 
(c) Magnified top columns; (d) Sketch image of Al-modified TBCs 
 

 
Fig. 2 SEM images of as-coated EB-PVD 7YSZ coating with deposition of Al film: (a) Surface of as-coated EB-PVD 7YSZ coating; 
(b) Cross-section of as-coated coating; (c) Surface of Al-deposited coating; (d) Cross-section of Al-deposited coating 
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Fig. 3 SEM images of Al-modified EB-PVD 7YSZ coating: (a) Surface; (b) Magnified image of (a); (c) Magnified image of (b), 
showing nanowires formed on surface; (d) Cross-section 
 

 
Fig. 4 XRD patterns of as-coated EB-PVD 7YSZ TBCs (a) and 
Al-modified EB-PVD 7YSZ TBCs (b) 
 
TEM analysis. Their formation processes can be 
explained as follows. During the heat treatment, the 
molten Al firstly infiltrated into inner 7YSZ TBCs  
along the inter-gap among columns to form a dense 
overlay [10], and parts of molten Al film simultaneously 
evaporated and recrystallized to generate nanowires. 
Then, the Al overlay and nanowires could react with 
ZrO2 to produce α-Al2O3 at this temperature according to 
Refs. [21,22]. 

3.3 TEM characterization of nanowires 
The nanowire samples from the Al-modified TBCs 

for TEM analysis were prepared by ultrasonic treatment. 
The nanowires are of solid construction, confirmed 
through the cross-section view of the broken nanowires 
in Fig. 5(a). The elemental mappings of the broken wire 
(Fig. 5(b)) are shown in Figs. 5(c, d). The high 
revolution-TEM (HRTEM) image (Fig. 5(e)) and the 
selected-area electron diffraction (SAED) pattern    
(Fig. 5(f)) both indicated that the nanowire had 
polycrystalline microstructure, and no crystal growth 
orientation took place. 

The thickness of the Al-modified overlay was 
ascertained as around 5 μm based on the images of the 
sample machined by focus ion beam (FIB), as seen in 
Figs. 6(a, b). As shown in Fig. 6(c), many roots of 
nanowires were observed on the surface of the overlay. 
The element mappings of the overlay (Figs. 6(d, e)) and 
the SAED pattern of the marked root (Fig. 6(f)) 
demonstrated the formation of α-Al2O3 phase in both the 
overlay and the nanowire. 

 
3.4 Growth mechanism of nanowire 

In this new design of TBCs, the Al2O3 nanowires 
play an important role in the improvement of CMAS 
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Fig. 5 TEM image of Al-modified TBCs after ultrasonic process (a), bright field image of nanowire (b), corresponding EDS of 
nanowire in (b) regarding O (c) and Al (d), HRTEM image (e) of nanowire tip in (b), and SAED pattern (f) of nanowire in (e) 
 

 

Fig. 6 Slice sample milled by FIB for TEM analysis (a), bright field image of top columnar YSZ coating (b), bright field of nanowire 
root (c), corresponding EDS mappings in (c) regarding O (d) and Al (e) correspondingly, and SAED pattern of root in (c) showing 
α-Al2O3 phase (f) 
 
corrosion resistance. As stated above, the Al2O3 

nanowires were synthesized by thermal evaporation of Al 
film during vacuum heat treatment based on the 
vapor−solid (VS) mechanism. 

The VS growth of one-dimensional (1-D) materials 
consists of the following four typical sequential steps 

(seen in Figs. 7(a−d)) [27,28]: (1) Al film melts and 
infiltrates into columnar 7YSZ coating, accompanied 
with Al evaporation, when the temperature is above the 
Al melting point; (2) The molten Al reacts with ZrO2 in 
the way that vapor Al atoms combine with O to form 
Al2O3 unit cells, leading to the supersaturation of the  
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Fig. 7 Schematic diagrams of nanowire nucleation and growth mechanism during vacuum heat treatment: (a) Al film melting, 
infiltration and evaporation above melting point; (b) Supersaturation of vapor Al2O3 unit cells; (c) α-Al2O3 crystal generation as 
nucleus due to reaction of Al and ZrO2; (d) Al2O3 nanowire nucleation and growth; (e) Vapor−solid (VS) mechanism for Al2O3 

nanowire growth 
 
Al2O3 nucleus over the time; (3) α-Al2O3 crystal grows; 
(4) Nanowires grow through stacking of Al2O3 unit cells 
based on the lowest energy principle. 

The growth of the nanowire in this work shares the 
same mechanism as VS growth of one-dimensional (1-D) 
materials as presented above. The basic process could be 
illustrated in detail as follows (see Fig. 7(e)):         
(1) Evaporated Al atoms combined with O to form Al2O3 

unit cells during the heat treatment; (2) Al2O3 unit cells 
dissociated and adsorbed at the surface of Al-modified 
TBCs; (3) The adsorbed Al2O3 unit cells diffused toward 
the vapor/solid interface; (4) The adsorbed Al2O3 unit 
cells in the nucleus of α-Al2O3 crystal diffused toward 
solid/solid interface (bulk diffusion); (5) New Al2O3 unit 
cells appeared through the merge of the solid−solid 
interfaces of Al2O3 unit cells; (6) The adsorption and 
desorption processes of Al2O3 unit cells occurred on the 
nanowire; (7) Elements diffused from the substrate to the 
nanowire; (8) Elements distribution took place in the 
vapor phase (direct impingement on nucleus) due to the 
proximity of other competing growth processes;      
(9) Distribution of molecule flux due to the proximity of 
other competing growth processes [28]. 

During the growth of Al2O3 nanowires, the 
formation of nucleus could be explained by the 
minimization of its free energy. The difference in 
chemical potential (μ) between a curved surface (radius, 
r) and planar surface (radius, r=∞) can be obtained by 
Gibbs−Thompson equation:  

2 /r rμ μ γΩ∞− =                             (2) 
 
where γ is the surface energy of the nucleus and Ω is the 
molar volume of the species within the nuclei. 

The above equation can be used to describe the 
critical diameter of pure phase nucleus and the 
vapor−solid equilibrium differences for nucleus. 

Assuming the same reference state for gas-phase species, 
one can express the chemical potential of gas-phase 
species in terms of partial pressures. At equilibrium, the 
chemical potentials are given by  
μ1=μg (For nucleus)                           (3)  

1 g
μ μ∞ ∞− (For planar surface)                    (4) 
 

Subtracting Eq. (3) from Eq. (2) results in  
g ln( / )KT p pμ ∞=                              (5)  

where p/p∞ represents the vapor-phase supersaturation 
within the gas phase, K is the Boltzmann constant and T 
is the temperature. 

Based on Eqs. (2) and (4), the concentration (partial 
pressure, p) of the gas phase in equilibrium with a 
nucleus of known size is given as  

2In( / )kT p p
r
γΩ∞ =                           (6) 

 
Equation (6) shows that partial pressure of the 

species with a nucleus radius of r in equilibrium has to 
be larger than that with a planar surface. The partial 
pressure of gas-phase solutes in equilibrium with the 
nucleus radius, r, and pressure, p can be presented as 
follows:  
pr=p∞exp(zγΩ/rkT)                            (7)  
where p∞ is the equilibrium partial pressure of the 
gas-phase solutes with a planar surface. 

According to the above equations, the critical 
nucleation radius for pure phase condensation (nucleus 
from in situ synthesis of Al and ZrO2, can be calculated 
as follows: 

c
2

ln( / )
r

RT p p
γΩ

∞=                              (8) 

where rc is the critical size of nucleus. Supersaturation, 
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in this case, can be realized by changing the partial 
pressure, p, which means that the size of Al2O3 wire 
depends on heat treatment pressure. 
 
3.5 CMAS corrosion characterization 

The cross-sectional morphologies of the samples 
(for as-coated and Al-modified EB-PVD 7YSZ TBCs) 
after CMAS corrosion resistance tests were characterized, 
as shown in Fig. 8. The amount of Si in Al-modified 
TBCs is less than that of as-coated TBCs according to 
Figs. 8(b, d). This is attributed to the formation of an 
Al2O3 overlay on the surface of Al-modified TBCs   
(Fig. 8(c)) compared with as-coated TBCs (Fig. 8(a)). 
Besides, a dense overlay (Fig. 6(b)) hindered the molten 
CMAS from infiltrating into TBCs along the gap among 
columns. On the contrary, this hindering effect did not 
exist in as-coated TBCs. The infiltrated CMAS reacted 
with the 7YSZ columns, significantly decreasing the 
toughness of top coating [29,30]. This is the reason for 
the occurrence of spallation (brittle fracture) in as-coated 
TBCs, as seen in Fig. 8(a). 

There are two positive effects for EB-PVD TBCs 
against CMAS corrosion. Firstly, Al2O3 nanowires can 
hinder the movement of CMAS during the high 
temperature operation. Secondly, due to the high activity 
of Al2O3 nanowires, they can react with CMAS quickly. 

Figure 9(a) shows the surface morphology of the 
as-coated 7YSZ TBCs after CMAS corrosion test at 
1200 °C for 24 h. The surface looks smooth, which could 
be due to the formation of CMAS glass. However, many 
sheet-like phases are observed on the surface of the 
Al-modified TBCs, as shown in Fig. 9(b), and Al2O3 
nanowires are surrounded by many corrosion-generated 
phases (Fig. 9(c)). The round area marked in Fig. 9(c) is 
refractory MgAl2O4 phase based on SAED analysis 
result (Fig. 9(d)). This phase was formed through 
chemical interaction between Al2O3 nanowires and 
CMAS, and it is highly resistant to corrosion [31,32]. 
Thus, Al2O3 nanowires can act as a barrier to prevent 
from molten CMAS penetration for TBCs. 
 
4 Conclusions 
 

(1) Al2O3 nanowires were generated on the surface 
of Al-modified TBCs due to the thermal evaporation and 
re-nucleation of the Al film based on the vapor−solid 
(VS) mechanism. 

(2) The Al-modified 7YSZ TBCs had a better 
CMAS resistance than the as-coated TBCs. This was 
attributed to the formation of the α-Al2O3 overlay, 
hindering the molten CMAS infiltrating into the 
EB-PVD TBCs along the inter-gap among columns. 

 

 

Fig. 8 Cross-sectional images of EB-PVD 7YSZ TBCs after CMAS corrosion test at 1200 °C for 24 h: (a) As-coated TBCs; (b) Si 
mapping of (a); (c) Al-modified TBCs; (d) Si mapping of (c) 
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Fig. 9 Surface morphologies of EB-PVD 7YSZ TBCs after CMAS corrosion test at 1200 °C for 24 h: (a) As-coated TBCs;        
(b) Al-modified TBCs; (c) Bright field image of marked rectangle in (b); (d) SAED pattern of cycle marked in (c) 
 

(3) Al2O3 nanowires grown on the surface of 
Al-modified TBCs could restrain the moving of molten 
CMAS. The generation of refractory MgAl2O4 phase, 
induced by Al2O3 nanowires, could further hinder the 
CMAS infiltration. Moreover, the application of this 
approach is not confined to the EB-PVD TBCs, but can 
be popularized in APS and PS-PVD TBCs too. 
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电子束−物理气相沉积 7YSZ 热障涂层表面 
氧化铝纤维制备及其 CMAS 腐蚀性能 
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摘  要：7YSZ (7wt.%Y2O3−ZrO2) 作为热障涂层使用最广的材料，其主要制备方法包括电子束-物理气相沉积

(EB-PVD)。随着涡轮前进口温度的逐步提高，CMAS (CaO−MgO−Al2O3−SiO2) 熔盐腐蚀等因素逐渐成为影响柱状

结构 EB-PVD 7YSZ 热障涂层服役寿命的关键因素。本文作者提出一种镀铝表面改性技术，即在柱状涂层表面采

用磁控溅射技术制备一层 Al 膜，然后施加真空热处理工艺。一方面，Al 和 7YSZ 涂层发生原位反应形成 α-Al2O3 
层，抑制 CMAS 熔盐高温渗透；另一方面，在真空热处理过程中 Al 膜在高温下发生蒸发和形核，最终在 7YSZ
热障涂层表面形成氧化铝纳米线，抑制高温下熔融 CMAS 流动。 
关键词：热障涂层；CMAS 腐蚀；铝改性；氧化铝纳米线 
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