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Abstract As the number of aircraft that park in ocean
environments increases, the corrosion of coatings used in
their engines becomes inevitable. Previous studies have
focussed on the abradability of as-sprayed seal coatings in
high-speed rubbing tests with a blade. This study deals with
the investigation of the effect of corrosion on the abrad-
ability of seal coatings. It uses metallographic analysis and
hardness, bonding strength and high-speed rubbing tests
conducted on as-sprayed and corroded AI-hBN coatings.
The results have shown the appearance of additional pores
in the corroded coatings and a decrease in the coating
mechanical properties. Compared with the as-sprayed
coatings, the corroded coatings caused an increase in blade
wear and severe overheating of the blade tip during the
high-speed rubbing test when the rubbing speed and single-
pass depth were high. The unfavourable thermal properties
of the corroded coatings were considered as the probable
reason for these results.
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Introduction

Abradable seal coatings are sprayed onto aero-engine
cases, thus forming a friction pair with the rotating blade.
When the clearance between the case and the blade
becomes smaller due to thermal expansion or elongation of
the high-speed rotating blade, the blade will first rub the
coating. Rubbing results in a wear scar that fits the blade
outline in the coating; thus, the clearance can be main-
tained to the smallest scale (Ref 1-4). Based on the
working principle of the seal coating, abradability is the
most important property of the seal coating. Abradability
means that the rubbing between the seal coating and the
rotating blade results in as little damage as possible to the
blade, as minimal adhesion of the coating material to the
blade as possible, and a smooth coating wear scar.
Al-hBN coatings are widely used as a seal coating in
aero-engine compressors. Many studies have been con-
ducted to study the abradability of such coatings using
high-speed rubbing rigs. Stringer (Ref 5) focused on the
influences of linear speed and single-pass depth on high-
speed wear behaviour, and found that the adhesion of
coating material to the blade aggravated when the single-
pass depth was low. Fois (Ref 6) conducted further
research on adhesion behaviour of coating material to the
blade using a stroboscopic imaging technique and found
that the adhesion of coating material to the blade could be
divided into three stages, namely, beginning, stabilisation
and peel off, followed by re-adhesion. Xue (Ref 7) con-
ducted high-speed rubbing tests of the Al-hBN coating at
different linear speeds and single-pass depths. Significant
adhesion of coating material to the blade was found at the
combination of high linear speed and low single-pass
depth. The adhesion material was composed of metal-phase
aluminium. Gao (Ref 8) studied the effect of the thermal
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physical properties of the coating—blade system on high-
speed rubbing behaviour. The test results indicated that the
different temperature increase rates of the blade and the
coating were due to the frictional heat conduction that
decides the wear behaviour.

With the increasing number of aero engines, such as
shipboard aircraft, that park in ocean environments, the
corrosion behaviour of seal coatings has elicited con-
siderable attention. Especially for military aircraft,
whose parking time accounts for nearly 90% of their
entire working life, coating corrosion during parking
cannot be ignored. Xu (Ref 9) studied the corrosion
behaviour of the 75Ni/25graphite abradable coating and
Ni—Al bonding coatings with different Al content. The
experimental results showed that the corrosion resistance
of the Ni-Al coatings decreased with increasing Al
content. Lei (Ref 10) researched the corrosion mecha-
nism of an aluminium-boron nitride (Al-BN) abradable
coating system (with a NiAl bond layer and 0Crl17Ni4-
Cu4Nb substrate) in chloride solution. Zhang (Ref 11)
conducted spray tests on a novel NiTi/BN composite
abradable coating and found that the NiTi/BN coating
showed superior corrosion resistance over the Ni/BN and
Ni/graphite coatings.

On the basis of the actual working process (i.e. parking—
flying—parking) of aero engines in ocean environments, the
seal coating rubbed by the rotating blade becomes cor-
roded. However, very limited research on the high-speed
rubbing behaviour of the corroded coating has been con-
ducted. The applicability of the abradability evaluation of
coatings under as-sprayed condition for seal coatings in
ocean environments, and the influence mechanism of cor-
rosion on abradability, needs investigating.

In this study, high-speed rubbing tests are conducted on
coatings that underwent salt-sprayed and atmospheric
exposure corrosion. Compared with the high-speed rubbing
tests on as-sprayed coatings, the effects of corrosion on the
abradability of an AI-hBN coating are studied. This

research contributes to the application of Al-hBN coatings
in an ocean environment and to safe aero-engine operation.

Experimental and Materials
High-Speed Rubbing Test Rig

The rubbing between the seal coating and the blade is
characterised by high-speed, high-temperature and inter-
rupted contact. General friction and wear testing machines
cannot meet the test requirements. Therefore, a frequently
used abradability evaluation testing method is to build a
high-speed, high-temperature rubbing test rig that can
simulate the working conditions of seal coatings. All the
tests in this study were conducted with a high-speed rub-
bing test rig built by AECC Shenyang Liming Aeroengine
and the AVIC Beijing Precision Engineering Institute for
Aircraft Industry. The test rig is shown in Fig. 1.

The working principle of the test rig is presented in
Fig. 2. The blade sample is inserted into a metal disc that is
driven by a high-speed motorised spindle. Driven by the
spindle, the blade sample rotates and simulates the rotor
motion in an aero engine. With the help of a sliding table,
the coating sample is stepped forward to the rotating blade
sample at a predefined speed and incursion depth. As soon
as the coating contacts the rotating blade, rubbing begins.
The normal and tangential forces generated during rubbing
are recorded by measuring equipment.

Materials

To improve the simulation of the rubbing condition
between the seal coating and the blade, the coating and
blade sample materials used in this experiment must be
consistent with the actual engine. The coating sample was
coating,

an Al-hBN which was sprayed on a

Fig. 1 (a) The high-speed rubbing test rig and (b) details of the rubbing region
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0Cr17Ni4Cu4Nb stainless-steel substrate using a METCO
OMC plasma spraying equipment. The substrate size was
20 x 40 x 2 mm. Before spraying, a NiAl bonding layer
was deposited on the substrate to improve the bonding
strength between the coating and the substrate. The final
thickness of the NiAl bonding layer was 0.1-0.2 mm, and
the final thickness of the AI/BN surface layer was
approximately 2.5 mm. The composition and mass percent
of the coating powder was 75% Al, 20% BN and 5%
Na,SiO3. The micro-morphology of the coating powder is
shown in Fig. 3(a). The main spraying process parameters
were as follows: argon flow rate of 2.5 m’/h, hydrogen
flow rate of 0.2 m*/h, powder delivery rate of 45 g/min and
spraying distance of 130 mm. The section microstructure
of the as-sprayed Al-hBN coating is shown in Fig. 3(b); the
coating was mainly composed of metallic phase Al, solid
lubrication phase BN and pores.

The blade sample was made of a TA1l titanium alloy
and processed by electrosparking into the required instal-
lation shape and size. The final rubbing surface with the
coating was a rectangle of 20 x 2 mm.

] Sliding table

 Force

Blade sample
sensor

Fig. 2 Schematic of the high-speed rubbing rig

Testing Method

On the basis of the investigation of the engine type,
working environment and service conditions, the general
linear speed of the rotor was 250-350 m/s, and the coating
thickness was decreased by 200-500 um during one
maintenance period. In this study, the linear speed of the
high-speed rubbing test was set as 350 m/s, the feed speed
was 13 pm/s, and the feed depth was 0.5 mm. Salt spray
corrosion experiment has been used to simulate the cor-
rosion environment of an aero engine parked in an ocean
environment. The salt-spray corrosion experiments of the
Al-hBN seal coatings were conducted in a neutral salt fog
atmosphere using a DCTC1200P salt spray testing machine
according to the standard ASTM B117. There are two
exposure durations, 48 h and 96 h. The salt spray solution
was 5 wt% NaCl, and the sample put angle was 30°.
Atmospheric corrosion experiments were simultaneously
conducted at the Qingdao China Marine Station (C4,
1S09223) to simulate the actual marine atmospheric cor-
rosion that Al-hBN seal coatings undergo when the engine
is parked. The test duration was 1046 h. To eliminate the
effects of corrosion on the interface, the interface area
between the coating and the substrate was packaged with
epoxy resin.

An electronic balance with a precision of 0.1 mg was
used to weigh the coating and blade samples before and
after the high-speed rubbing test, and a Vernier calliper
with a precision of 0.01 mm was used to measure the blade
height variation. All the coating samples for metallo-
graphical and micro-morphology analysis were prepared
through vacuum resin infusion. Then, the coating samples
embedded in resin were ground with sand paper and pol-
ished with polishing paste. An FEI INSPECT F50 scanning
electron microscope (SEM) was used to observe the wear
scars on the blade and the coating, and the element com-
position of the wear scar surface was analysed using an
EDAX spectrometer. A Nikon D3100 digital camera was

Fig. 3 Micro-morphology of the coating powder (a) and metallography image of the coating section (b)
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used to observe the macroscopic morphology of wear scars
on the blade and the coating. The surface hardness of the
coating was measured via the surface Brinell hardness test
method; the indentation load was 612.9 N, and the load
holding time was 10-15 s. The tensile bonding strength of
the coating was measured on the basis of the ASTM C633-
01 standard.

Results and Analysis
Morphologies of the Corroded Coating

The surfaces of the corroded coatings that underwent salt
spray and atmospheric corrosion are shown in Fig. 4.
According to the x-ray defraction (XRD) detection result of
the corroded coating surface (Fig. 5) and the neutral salt
spray corrosion research results on the aluminium alloy
(Ref 12), colloidal AI(OH)3;/AIO(OH) and oxide of alu-
minium covered the coating surface after 96 h of salt
spraying. White particles on the coating surface suffered
atmospheric corrosion probably due to the air-seasoning of
the colloidal A1(OH)s.

SEM observation and energy-dispersive x-ray spec-
troscopy (EDS) analysis were conducted on the corroded
coating surface (the corroded coating samples were ground
with sand paper and polished). As presented in Fig. 6, the
metal phase in the coating experienced corrosion and
resulted in some large and deep pores. As a result of the
corrosion, gaps between the metal and lubrication phases
appeared. The EDS results indicated that the corroded
coating metal phase was mainly composed of aluminium
and oxygen. In the other area, elements, such as Na, CI and
Si, were identified, indicating that many corrosion products
were produced.

Influences of Corrosion on the Coating Structure
and Properties

The cross-sectional microstructure of the as-sprayed and
corroded coatings are shown in Fig. 7. The phase contents
were determined using phase analysis software. In the as-

sprayed coating, the ratio of metal to nonmetallic phase
was 63 to 37. In the corroded coating, this ratio was 40 to
60. Figure 7 clearly shows that the increase in nonmetallic
phase (composed of pores filled by resin and boron nitride
phase) resulted from the pore increase. Also, there are
some corrosion products found in the section image
(Fig. 7b).

Surface Brinell hardness tests were conducted on the as-
sprayed and corroded coatings. The average indentation
diameter of the as-sprayed coating was 2.61 mm. After
undergoing a 96-h salt spray test, the average indentation
diameter was 2.68 mm. The corresponding Brinell hard-
ness was 10.8 HB (SD 0.05) and 10.2 HB (SD 0.21),
indicating that the hardness of the corroded coating
decreased by approximately 6% in comparison with the as-
sprayed coating.

The tensile bonding strengths of the as-sprayed coatings
and coatings that underwent different salt-spray corrosion
durations were tested according to the Chinese industry
standard, HB20035-2013. Resin glue (FM-1000) was used
to bind the coating surface to the holder. A tensile testing
machine (AG-250KNE; INSTRON, USA) was used to test
the bonding strength, and the extension rate was 1 mm/min.
The average bonding strength of the as-sprayed coating
was 9.2 + 1.46 MPa. After testing in salt spray for 48 h,
the average bonding strength of the coating decreased to
44 4+ 1.08 MPa; for 96 h, and the average bonding
strength decreased to 2.69 MPa. Observations of the tested
coating samples (Fig. 8a) showed that the fracture occurred
only in the surface layer of the coating that underwent 48 h
of salt spray, so only the binding layer was exposed. When
the coating experienced 96 h of salt spray (Fig. 8b), frac-
tures at the interface between the substrate and bonding
layer were observed, so the corroded substrate was
exposed. Corrosion had important effects on the coating
bonding strength.

High-Speed Rubbing Test Results of the As-Sprayed
and Corroded Coatings

High-speed rubbing tests were conducted with the as-
sprayed coating and the corroded coating to explore the

Fig. 4 Surface morphologies of the corroded coatings resulting from (a) salt spray (96 h) and (b) atmospheric corrosion (1046 h)
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Fig. 5 XRD detection results of the as-sprayed coating (a) and corroded coating (b)

Fig. 6 (a, b) SEM morphologies of the corroded Al/BN coating
surfaces and EDS results in the ©) (d) metal and (e, f) nonmetallic
phases

effect of corrosion on the abradability of the Al-hBN seal
coating. The test parameters are shown in Table 1. The
coating underwent atmospheric corrosion due to the long
exposure time (1046 h); the high-speed rubbing test was
only performed at a linear speed of 300 m/s and single-pass
depth of 0.036 um to prevent the entire coating from
peeling off.

The test results are shown in Table 2. A positive value
indicates height or weight loss, while a negative value
meant height or weight gain. Blade height gain does not
always come with blade weight gain. A similar situation
was found with blade height loss because the adhesion of

@ Springer

coating material to the blade and blade wear could occur
during a single rubbing test.

Test 1 shows that the obtained wear results from the salt-
spray tests and atmospheric corrosion tests were similar,
indicating that the salt-spray test could be used as an
accelerated test instead of atmospheric corrosion. Thus, the
following analysis of the rubbing behaviour at 300 m/s
used the test results of the salt-spayed coating.

A comparison of the test results with the as-sprayed and
corroded coatings revealed that both coatings adhered to
the blades when rubbed at 300 m/s. The blade height
increase of the blade rubbed against the as-sprayed coating
was larger than that of the blade rubbed against the cor-
roded coating. However, the blade weight gain of the blade
rubbed against the as-sprayed coating was less than that of
the blade rubbed against the corroded coating. The possible
reason for this result is the uneven adhesion of coating
material to the blade. At a rubbing rate of 350 m/s,
aggravated blade wear occurred when the blade was rubbed
against the corroded coating at both single-pass depths.

Blade Wear Scar Morphologies

The surface (top) and cross-section (bottom) images of the
blade tips rubbed against as- and salt-sprayed coatings are
shown in Fig. 9. When the linear speed was 300 m/s
(Fig. 9a, b), both coatings adhered to the blades. However,
the blade tip rubbing against the as-sprayed coating
received considerable adhesion of coating material to the
blade, which was highly uneven. Thus, the resulted blade
height variation was large with a small blade weight gain
(Table 2).

At a rubbing rate of 350 m/s, when the single-pass depth
was low (Fig. 9c, d), adhesion of coating material to the
blade and overheating regions was found on the blade tip
rubbed against the as-sprayed coating. When the blade
rubbed against the corroded coating, no adhesion of coating
material to the blade was found on the blade tip and
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Fig. 8 Fracture appearances of the tensile bonding strength test of the coating corroded for 48 h (a) and 96 h (b)

Table 1 High-speed rubbing

{est parameters Test no.  Single-pass depth, pm  Linear speed, m/s  Incursion speed, pm/s  Incursion depth, pm

0.036 300 12 500
0.036 350 15 500
3 0.072 350 30 500
Table 2 High-speed rubbing Test no. Coating condition Blade height variation, mm Blade weight loss, mg
test results
1 As-sprayed —0.465 -7
Salt-sprayed —0.104 —14
Marine atmosphere —0.04 —-9.1
2 As-sprayed 0.07 —10
Salt-sprayed —-0.192 10
3 As-sprayed —0.04 10
Salt-sprayed 0.04 20

furrows, of which some with considerable depths were  underwent adhesion of the coating material to the blade and
observed. When the single-pass depth was high (Fig. 9¢, f),  a small overheating area. However, rubbing against the
the blade tip rubbing against the as-sprayed coating  corroded coating resulted in a large overheating area, as
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(e)

Fig. 9 Surface and cross-section morphologies of the blade tip rubbed against as-sprayed (a) and corroded coatings (b) from Test 1, as-sprayed
©) and corroded coatings (d) from Test 2, and as-sprayed (e) and corroded coatings (f) from Test 3

demonstrated by the colour change from oxidation. Many
deep furrows were observed on the blade tip.

The micro-morphologies of the rubbed blade tip section
are shown in Figs. 10 and 11. Rubbing against the as-
sprayed coating resulted in a lamellar coating transfer layer

@ Springer

on the blade tip and cracks in the layer. This means that
adhesion of coating material to the blade could fracture and
re-adhere during rubbing.

The cross-sectional microstructure of the different
positions at the blade tip rubbed against the corroded
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(a) .

Fig. 10 Blade tip section micro-morphology: (a) low magnification, (b) magnification of the rectangular region in (a) rubbed against the as-

sprayed coating at 350 m/s, 0.072 pm

Fig. 11 Blade tip section micro-morphology rubbed against the corroded coating at 350 m/s 0.072: (a) uneven coating adhesions, (b) cracks
generated in the coating adhesion, ©) cracks generated on the rubbing interface, and (d) furrows resulted from the rubbing

coating at 350 m/s 0.072 pm are presented in Fig. 11.
Owing to the uneven adhesion of coating material to the
blade during rubbing, the rubbing intensities on the dif-
ferent areas of the blade tip were different. As a result,
different blade wear conditions could be observed on the
different positions of the rubbed blade tip. In Fig. 11(a),
dark and almost perfectly circular spots corresponding to
the adhesion of coating material to the blade positions can
be seen. The spots are thought to be produced by over-
heating from the frictional heat of high-speed rubbing.
Many cracks were generated by the combined action of

rubbing and thermal shock during the rub. The cracks could
be generated in the adhesion of coating material to the
blade (Fig. 11b) or on the rubbing interface (Fig. 11c), and
propagated along the edge of the overheating region.
Material loss could occur when the cracks reached the
surface. As shown in Fig. 11(d), furrows were generated.
On the basis of the surface and section morphology
observations of the rubbed blades, overheating and aggra-
vated blade wear were apt to occur when the blades rubbed
against the corroded coating. Adhesion and abrasive and
oxidation wear were the major wear mechanisms.
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Influences of Corrosion on High-Speed Rubbing
Behaviour

Based on the weight variation and wear scar morphologies
of the rubbed blade, aggravated blade wear and a large
overheating area occurred when the blade rubbed against
the corroded coating at a linear speed of 350 m/s. Thus, the
corrosion had a negative effect on coating abradability.

The AI/BN coating easily corroded owing to its porous
and multilayer structure. When the coating was placed in a
corrosive environment, pitting corrosion could occur on the
metal phase aluminium. After corrosion, the metal phase
content decreased, whereas the porosity increased. These
results indicated that deteriorative mechanical properties
were already proven by the hardness and bonding strength
tests. In addition, the single-pass pendulum scratch test of
the corroded coating revealed that the energy consumed
when rubbing corroded coatings decreased with the salt-
spray duration (Ref 13). The single-pass pendulum scratch
test had a similar rubbing action with the high-speed rub-
bing test, except that the scratch speed was much lower.

Corrosion made the coating weak in terms of mechan-
ical property, and the weaker coating was easily scratched
during the single-pass pendulum scratch test. However,
when the rubbing speed was as high as 350 m/s, the weaker
coating caused aggravated wear and overheating to the
blade. Some other changed properties of the corroded
coating might have influenced the high-speed rubbing
behaviour.

Many published studies on the high-speed rubbing test
of seal coatings and blade friction pairs have found that the
thermal—physical property of the seal coating was a key
factor in high-speed wear behaviour. For example, Mar-
scher predicted that thermal effects seemed to predominate
during high-speed rubbing, and that the blade tip should
preferentially wear a seal-coating material when the blade
tip had high conductivity with a low thermal expansion
coefficient (Ref 14). Based on the study of Fois, an
increased number of boundaries between the metal and the
hBN phases hindered the heat flow, leading to a concen-
tration of surface heat (Ref 15). Another study also found
that high mechanical strength did not mean a lack of blade
wear, and the thermal properties of the different materials
blades were identified as the major reason for the different
wear behaviour (Ref 16). On the basis of Archard theory
(Ref 17), the average contacting surface temperate could be
calculated by the following equation:

2th7

0=——5,
(nKpc)?

(Eq 1)

where ¢ is the heat flux, ¢ is the contact time, p and c are the
density and thermal capacity of the stationary body,
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respectively, and K is the thermal conductivity of the sta-
tionary body (Ref 17).

In a high-speed rubbing test, the seal coating could be
taken as the stationary body, and the rubbing surface
temperature increased with the decrease in the coating
density and thermal conductivity. As shown in the previous
paragraph, the metal phase content decreased in the cor-
roded coating, and additional pores emerged, inevitably
decreasing the coating density. Moreover, additional pores
resulted in extra boundaries that could hinder heat flow,
and the pores inherently decreased the thermal conductiv-
ity. Thus, the thermal conductivity and density of a cor-
roded coating were smaller than those of the as-sprayed
coating, resulting in a high temperature during the high-
speed rubbing. Blade wear occurred because the mechan-
ical strength of the titanium alloy decreased quickly with
the temperature (Ref 18, 19). Combined with the severer
thermal shock effect, cracks (Fig. 11) were generated in the
blade tip rubbed against the corroded coating.

A high temperature in the test with a corroded coating
was indirectly observed. Almost no sparkle was observed
by the naked eye during the rubbing with the as-sprayed
coating. However, an intense sparkle was observed during
the corroded coating test.

Conclusions

High-speed rubbing tests were conducted on as-sprayed
and corroded Al-hBN coatings to study the influences of
corrosion on the high-speed rubbing behaviour of an Al-
hBN seal coating. After corrosion, additional pores and
fewer metal phases were found in the corroded coating
section. The hardness and bonding strength were decreased
by corrosion. However, the corroded coating resulted in
aggravated blade wear and a large overheating area when
rubbed at a high linear speed and large single-pass depth.
Decreased coating thermal conductivity and increased
interfaces, which could become heat flow obstructions,
were believed to be responsible for the above results.
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