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Abstract

In this paper, the changes in the microstructure and damping performance of x wt% Al-doped 8YSZ (xAl-YSZ, x =
0,2.5,5, 10, or 15) were investigated. Al-YSZ coatings with a thickness of about 80 pm were prepared on nickel-based
alloys by means of EB-PVD. The surface morphology, phase composition and loss factor of the coatings were compared
and analyzed by means of SEM, XRD, DMA, and SEM. XRD revealed that the grain size of the coating decreases, the
preferred orientation changes to multi-orientation, and the diffraction peak intensity decreases. With reference to
the DMA test results, it could be shown that doping an appropriate amount of Al,O; improved the grain boundary
density, while multi-orientation formed more interfaces and pores between grains, which makes the coating consume
more energy as a result of internal friction under external load. Too much or too little doping was not conducive to
improving the damping performance. The results indicate a direct influence of the Al,O; content (up to 5 wt%) on

the improvement of the damping performance.
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I. Introduction

With the development of aviation technology, further
improvement of the performance of aeroengines requires
ahigher inlet temperature and thrust weight ratio. It poses
new challenges for the reliability of key components such
as engine blades. The question of how to improve the fa-
tigue damage resistance of key components such as blades
under severe working conditions, such as high tempera-
ture and high load, has attracted more and more atten-
tion 1-3. At present, passive vibration suppression tech-
niques such as damping coatings are usually used to reduce
the vibration stress level. For the damping coating, vis-
coelastic materials and hard coatings are commonly used.
Although the loss factor (Q-1) of viscoelastic material is
higher than that of hard coatings, it is difficult to use this
effectively on engine blades and other parts because it is
mainly composed of organic polymer materials and ex-
hibits poor stability in high-temperature environments 4.
It has been shown that the hard coating damping technol-
ogy represented by a metal matrix and ceramics can ef-
fectively reduce the vibration stress level of thin-walled
components such as blades 6. Among them, an Yttria-
Stabilized Zirconia (YSZ) coating has often been used as
athermal barrier coating because of its good thermal insu-
lation, thermal shock resistance, corrosion resistance and
other properties. Some studies have shown that it has cer-
tain vibration suppression ability and damping character-
istics 7=9. It can therefore be used as a multifunctional
coating on engine blades and other parts.

At present, research on YSZ coatings has focused mainly
on changing the process parameters in the preparation
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process and doping modification to improve the thermo-
dynamic properties of the coating. For example, adding
Al,O3, Gd,03, CeO, and other materials to YSZ can
improve the thermal insulation capacity 1%11. Al,O3-
YSZ has attracted the attention of scholars because of
its excellent properties. A Al,Oj3 coating exhibits good
strength, corrosion resistance and insulation performance.
Itis commonly used in wear-resistant coatings, insulation
coatings as well as in other fields. Al,O3 may form unsta-
ble cubic phase in the spraying process (y-Al,O3). And it
has alow coefficient of thermal expansion, so it is not gen-
erally used directly as a raw material for thermal barrier
coatings. The melting point of Al,O3 is 2040 °C. During
the spraying process, the melting state of Al,Oj5 is excel-
lent, which can make the structure of the prepared coating
more compact; the melting point of ZrO, is 2 700 °C, but
its coefficient of thermal expansion is higher than that of
Al,O5. The properties of YSZ and Al,O5 are complemen-
tary. Itis anew idea to improve the performance of thermal
barrier coatings to obtain composite materials by means
of doping modification. So, there has been lots of studies
on the mechanical properties, heat insulation ability, cor-
rosion resistance of Al-YSZ coatings. Song Xuemei et al.
found that doping Al,O3 can enhance the phonon scatter-
ing and reduce the thermal conductivity of the coating, and
it can be used to prepare a thermal barrier coating that can
work stably at 1200 °C12. Chang ez al. found that the Al-
YSZ composite coating had a longer service life and thin-
ner TGO layer by comparing the constant temperature
oxidation test results of YSZ and Al,O;-YSZ13. Fariba
et al. reported Al,O3 could prevent the phase transfor-
mation of tetragonal phase in 60 wt% Al-YSZ composite
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coating 14. At the same time, the crystallization of the
amorphous phase in the coating can produce rich nano-
regions, blocking the inward migration of air and the de-
flection of cracks. Yu ez al. also inhibited the grain growth
of ZrO, phase by adding nano Al,O3, thus improving
the thermal stability of the coating 13. With the doping of
Al,O3, more oxygen vacancies and lattice distortion can
be introduced into YSZ lattice, and these lattice defects
can exist in the form of defect clusters. A large number
of defects can aggravate the scattering of phonons in the
material and reduce the average free path of phonons,
so as to reduce the thermal conductivity of the coating.
Some scholars have compared the corrosion resistance of
YSZ and 40 wt% Al-YSZ to molten corrosion (Na,SOy,
V,05), and found that the failure time of Al-YSZ was
10 hours longer than that of YSZ 16,17, At the ultra-high
temperatures of 1500 °C and 1700 °C, the Al element can
also form a solid solution of t-ZrO,, which can prevent
phase transformation 18. There have been many studies on
the influence of Al,O; doping on the thermal insulation
performance of YSZ coatings 19-21. But the influence of
Al,O3 doping on the change in the damping performance
of the coating remains to be studied. The objective of this
study was to investigate the influence of different amounts
of Al,O3 on the damping performance of coatings. YSZ
coatings doped with different contents of Al,O; were
prepared on Ni-based alloy by means of electron beam
physical vapor deposition (EB-PVD). By comparing the
samples with different doping amounts, with regard to the
aspects of surface morphology, the phase composition and
combined with the results of loss factor, this paper ana-
lyzes the influence of different doping amounts of Al,O;
on the change in the damping factor of YSZ coatings, and
discusses the influence of Al,O3 doping modification on
the damping characteristics of coatings. The purpose of the
investigation is to provide a theoretical basis for optimiz-
ing the damping performance of coatings and preparing
multifunctional composite coatings in the future.

II. Experimental

(1) Preparation of composite coatings

During the preparation of the coating, the substrates
were Ni-based superalloy (GH4169) with the original size
measuring 20 x 20 x 2 mm. Before the coating, the sur-
faces of the Ni-based alloy were sandblasted, wiped with
alcohol and cleaned ultrasonically. The NiCoCrAlY ad-
hesive layer was prepared with a thickness of 100—110 um
with flame-spraying equipment (QHT-7). The spraying
distance was about 200 mm. The ceramic coating materi-
al was made of 8-wt% yttria-stabilized zirconia (99.99 %,
Institute of Mining and Metallurgy, Beijing General Re-
search Institute of Nonferrous Metals)particles with a di-
ameter of 3 mm, and the Al,0O3 used consist of amorphous
powder (98 %, Sinopharm Chemical Reagent Co., Ltd).
The composition of each group of materials is shown in
Table 1. YSZ coatings were prepared by means of elec-
tron beam evaporation (EB-PVD) with a DSZ 700 elec-
tron beam evaporation coater. According to the prelim-
inary experiment, when the working environment was
1x10-3 Pa in the vacuum state, the substrate temperature
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was 300 °C, the current of electron beam was 300 MA. The
thickness of the ceramic layer was about 80 um when the
coating time was 30 minutes.

Table 1: Experimental raw materials for coating prepara-
tions.

Substrates

Ni based-alloy

Number
1 8 wt% YSZ
2 8 wt%YSZ+2.5 wt%Al,0O3 Ni based-alloy
3 8 wt% YSZ+5 wt%Al,0O; Ni based-alloy
4
5

Experimental material

8 wt%YSZ+10 wt%Al,O3 Ni based-alloy
8 wt%YSZ+15 wt%Al,O3 Ni based-alloy

(2) Coating characterization test

The surface topography was characterized with an Ultra-
plus scanning electron microscope with magnification of
20 ~ 300000 times, and the local phase of the samples was
analyzed with an X‘pert Pro MPO diffractometer (XRD)
with Cu ray. The working temperature was from room
temperature to 900 °C, and the scanning range was 0.2° ~
150°. The phase and microstructure of five groups of coat-
ing samples were analyzed.

The storage modulus (E’) and loss modulus (E”) of the
samples were measured by means of the three-point bend-
ing method with a dynamic mechanical analyzer (DMA
Q800), and the loss factor (Q-1) was calculated according
to Eq.(1) as follows, so as to evaluate the damping perfor-
mance of the material. The scanning range of the DMA
test frequency was 0.01 ~ 200 Hz. The amplitude range is
0.001 ~0.02 mm.

1

Q_l = T (1)
III. Results and Discussion

(1) Microstructure of the composite coatings

Fig. 1 shows the microstructure of the composite coat-
ings doped with different proportions of Al,O3. When
Al,O3 was not added, the surface morphology presented
an elliptical stacking structure, and the gaps between dif-
ferent clusters were small. After the addition of 2.5 wt%
Al, O3, the cluster shape became more rounded, the size
decreased, and the boundary of spherical clusters was
blurred. As the Al,O3 was mixed in the raw material, the
melting point of the composite material in the crucible
was reduced. While the electron beam current remained
unchanged, the melting amount of material in the crucible
increased in unit time, which formed a relatively smooth
surface. With the increase in doping content, the cluster
size further decreased and the distance between clusters
increased. This is because the solid solubility of Al,O3 in
YSZ is limited. A small amount of Al,Oj5 infiltrates into
the lattice of ZrO, to form a solid solution, which plays a
role in stabilizing t-ZrO,. Al,O5 without solid solution
forms amorphous phase on the grain boundary, which
limits the grain size 2l. Fig.2 shows the average particle
size of different samples. According to Fig.2, compared
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Fig. 1: Surface morphology of YSZ coatings doped with different Al,O3 contents a) 0wt% b) 2.5 wt% c) 5wt% d) 10 wt% e) 15 wt%.

with that before doping, the particle size is reduced by
about one time (10 wt%, 15 wt%). When a small amount
of alumina is introduced, the particle size will be signifi-
cantly reduced, but when the doping ratio is increased to
more than 10 %, the effect will not be obvious. The circu-
lar sphere growing upward at the top of the cluster isa new
nucleation position, and the number of nucleation points
is higher than that of the undoped sample. From Fig. 6, it
can be found that at the doping ratio of 5 wt%, the average
loss factor was the highest, reaching 0.06902, which was an
around 6.91% improvement compared with that of YSZ
coating.
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Fig. 2: Particle size of different samples.

(2) Coating phase analysis

An XRD diffractometer was used to observe the effect
of different proportion of Al,O3 on the crystal structure
of the coating. Fig.3 shows the XRD pattern of differ-
ent samples doped with 0 wt%, 2.5 wt%, 5 wt%, 10 wt%,
and 15 wt% Al,O3. When Al,O3 was not added, the main

component of the coating was t-ZrO,, and the dominant
direction was (101).With the addition of Al,O3, the peak
value of the coating decreased significantly, and the pre-
ferred orientation changed significantly, evolving from a
single preferred orientation to a mixed orientation domi-
nated by (101) and (110).With the gradual increase of dop-
ing amount, the strength of all phases decreased, espe-
cially for (101) and (110). The proportion of (110) crys-
tal direction gradually increased, and the crystal phase
became more complex. The images with Al,O3 addition
of 5wt% and 10 wt% were basically the same, indicat-
ing that the crystal direction in this interval was rela-
tively stable. However, when the doping amount was in-
creased to 15 wt%, the intensity of all phases decreased,
and the diffraction curve showed a large envelope peak
shape without obvious characteristic peak. That is because
there was too much melting of the material per unit time,
and the columnar crystals on the coating surface are cov-
ered by the molten YSZ before they fully grown. There-
fore, the crystal direction was chaotic. It was amorphous
phases. In a comparison of the diffraction curves of sam-
ples with different doping amounts, it was found that the
diffraction peak shifted toward a higher 26 angle and then
toward a lower 20 angle. This trend is consistent with that
in the relevant literature 12. By XieLe formula (2dsinf=
nl), it can be seen that the lattice constant decreases first
and then increases. The decrease in the lattice constant is
due to make the substitution of Zr#+ (0.079 nm) by Al3+
(0.054 nm) with smaller ion radius after the initial addition
of Al,O3; with the increase of the proportion of doped
Al, O3, part of Al3* occupies the gap position of ZrO), lat-
tice, resulting in the expansion of the lattice due to the nar-
row gap. No clear diffraction peak of Al can be observed
in the XRD results, but the shift of the diffraction peak can
be observed. It confirms that except for a few Al elements
distributed outside the ZrO, lattice, most of the alumina
exists in the form of amorphous phase.
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Fig. 3: XRD patterns of Al-YSZ samples for different percentages
Of AIZOS'

(3) Damping performance analysis

Fig. 4 (a) (b) shows the relationship between the storage
modulus and loss modulus of the YSZ coatings with differ-
ent Al,O; doping. The storage modulus of the coating in-
creased obviously when the content of alumina was 5 wt%
and 10 wt%, but decreased when the content was too low.
From the increase of the loss modulus curve (25 wt%),
it can be seen that the loss modulus of the film increased
significantly with the addition of Al,O3, which indicated
that the surface of the coating had more micro defects. The
energy consumption mechanism of ceramic coating was
based mainly on the internal friction consumption of mi-
cro interfaces 21. With the premise of not losing mechani-
cal properties, the increase of micro defects helped to im-
prove the damping capacity of the coating.

A DMA dynamic tester was used to test the samples with
different doping ratios. The damping performance of the

samples was characterized by the value of loss factor (Q-1).
Fig. 5 shows the loss factor of different samples. The dif-
ference in the damping factor among the samples is not
significant when the strain is lower than 0.012 %. In the
range of more than 0.012 %, the curve slope of the coat-
ing doped with Al,Oyj is significantly greater than that of
the undoped control group. The loss factor of the coat-
ing doped with Al,O3 was significantly improved un-
der the same strain. The addition of Al,O3 made the mi-
crostructure and phase composition of the coating change
obviously. Different from other groups, when the dop-
ing ratio was 2.5 wt%, the damping performance of the
composite coating decreased, because the denser alumi-
na blocks the pores, reduces the number of micro defects
in the coating, and leads to the degradation of damping
performance. When the doping ratio was 5 wt%, the de-
crease in grain size increases the grain boundary densi-
ty. These grain boundaries exhibit viscous behavior, and
relaxation phenomenon occurs under the action of excit-
ing force. The coating with mixed orientation has a shad-
ow effect and contains more micro voids, which can im-
prove energy dissipation through internal friction during
vibration. Combined with the morphology of the coating,
when the doping amount was low, the doping of Al,O;
changed the original lattice constant, and the grains of the
coating became rounder and easier to agglomerate. This
led to the blurring of grain boundary and the decrease of
grain boundary density, which reduced the damping per-
formance. With the increase of doping content, the grain
size decreased and the distance between clusters increased.
This trend led to more grain boundaries in the film. Under
the action of excitation force, the relaxation phenomenon
of theboundary made the boundary consume more energy
during friction, which improves the damping performance
of the coating 22. Combined with the phase analysis of the
coating, the peak value of the coating gradually decreas-
es and the preferred orientation also changes. In the XRD
image, the prominent main peak represents the orderly ar-
ranged grains. After doping, the decreasing trend of the

120000 12000
(a) —8—0 wt% (b) —m—0 wi%
—0—2.5wt% —0—2.5wt%
—A—5 wt% —A—5 wt%
110000 v 10wt% 10000 - v— 10wt %
—k— 15wt% —k— 15wt%
8000 |
100000 |-
" v &
< = 6000 |-
= 90000 | A m
o = S ' 4000 |
800001 mmss s
. = / 2000 |
70000 | e "l
1 L L 1 L L 1 1 L L
0.004 0.008 0.012 0.016 0.020 0.004 0.008 0.012 0.016 0.020
/% /%

Fig.4 (a): Relationship between storage modulus (E’) and strain; (b): Relationship between loss modulus (E”) and strain.
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main peak intensity indicates that the grains are becoming
gradually finer while grain growth is becoming increasing-
ly disordered, which can help to improve the damping per-
formance of the coating 2326,
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Fig. 5: Relationship between loss factor and strain.
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IV. Conclusions

In this paper, YSZ coatings doped with different propor-

tions of Al,O; were prepared on the surface of Ni-based

alloy by means of electron beam evaporation. The conclu-
sions are as follows:

1) Appropriate addition of Al,O3 can improve the loss
factor of the coating, so the damping property of the
YSZ coating is improved.

2) Following addition of Al,O3 into YSZ layer, the grain
growth was inhibited by the Al,O3.The grain size of
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the coating decreases, the grain boundary density in-
creases, the cluster spacing increases, and the preferred
orientation changes from single orientation to mixed
orientation. This increases the energy consumption
during boundary friction, which improves the damp-
ing performance of the coating.

3) The doping ratio has an effect on the damping perfor-
mance of the coating. When the doping amount is too
low, the grain boundary becomes blurred; when the
doping amount is too high, the coating is composed
of amorphous phase. This is not conducive to improv-
ing the damping performance of the coating. When the
doping ratio is 5 wt%, the damping performance of the
YSZ coating is significantly improved.
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