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[ Abstract] The erosion wear behaviour and mechanism of several middle temperature seal coatings were investigated by

a CM S 100 self made vacuum sand erosion machine. The results show that the relationship between the erosion mass loss

and the erosion time is linear, the coatings hold a maximum erosion rate at 60° impact angle, and the relationship betw een

the erosion rate and the impact speed is an exponential function. The speed exponent increases with the increase of the im-

pact angle. At 90° impact, indentations and extruded lips were generated on the coating surface subjected to impact. With

repetitive impact by the abrasive particles, the extruded lips were work-hardened and peeled off, while flattened metal

phase grains were impacted repeatedly, loosed and debonded. At 30° impact, the erosion wear of the coating is character

ized by micro-cutting, plowing and tunneling via pores and nor metal phase. The model of the erosion mechanism is ad-

vanced on the basis of the above mentioned erosion wear behaviour.
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1 INTRODUCTION

The clearance between the rotating blades and
the casing should be as small as possible in order to
increase the efficiency and reduce the fuel consump-
1]

tion of an aircraft turbine engine'''. The gas path

sealing has become an important method for this pur-
pose 2l The thermal sprayed abradable seal coating
has been used because of its simple manufacturing
processes, easy repair of the components, easy adjust-
ment of its properties and good sealing effectiver
ness!?. Also, it can provide thermal barrier for the
casing, and reduce the influence of the high tempera-
ture fuel gas on the casing'>*'. The coating is a kind
of composite material composed of metal phase and
self-lubricating nomrmetal phase with many pores *.
In application, it is required that the rotor blades
scrape the coating to form a minimum clearance. So
the coating should be not only soft enough to be easily
scraped without damaging the blades —good abrad-
ability , but also hard enough to resist against the
erosion by the high speed gas flow and the solid parti
cles in the gas —good erosion resistance!®™ ®. The
abradability and erosion resistance are the most im-
portant properties of the coating. However, the two
are contradictory!>® . Thus the coating should pro-
vide a good balance between the abradability and the
erosion resistance.

The researchers and users have paid attention to
the study' >~ ?
erties of the coating and the relationship among

I of the powders, spray processes, prop-

them. However, the basic researches about the

abradability and the erosion resistance have not been
wellmade!™ ' ' Especially, the research about the
erosion wear behaviour of the coatings has not been
much reported. Because of high porosity and much
norr metal phase in the coating, its erosion wear rule
and behaviour can be different from those of bulk ma-
terial and some coatings. So it is imperative to study
its rule and behaviour. In this paper the erosion wear
rule and mechanism of several middle temperature
abradable seal coatings are investigated, and the mod-

el of the erosion wear is advanced.
2 EXPERIMENTAL

The sprayed powders were MET CO 307 (75%
Nit+ 25% graphite G ), METCO 310 (57% Al+ 8%
Si+ 35% G), METCO 313 (40% Al+ 5.5% Si+
45.5% G + 9% organic binder) and METCO 601
(40% polyester+ 60% AFSi alloy), which were made
by METCO, USA. The sprayed coating specimens
were called as M307, M310, M313 and M601, re
spectively. Four kinds of powders made in China,
which were slightly different from the corresponding
METCO powders in composition, were also used.
The coating specimens prepared by the pow ders made
in China were called as F307, F310, F313 and F601,
respectively. M 307 and F307 were classified as 307
type of coating, and the other classified in a similar
way. M307, F307, M310 and F310 coatings were
sprayed on the blasted surface of low carbon steel
plate by a METCO-6P flame spray system. M313,
F313, M601 and F60lcoatings were sprayed by a
METCO-7M B plasma spray system. Specimens with
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different microstructure and hardness were prepared
for each kind of powder by changing spray parame-
ters. The microstructure and hardness of the coating
specimens are listed in Table 1. Fig. 1 shows the mr
crostructure of the cross section of M310-2 coating,
where the white matrix is AlSi alloy, the grey phase
is graphite, the black phase is pore.

Fig. 1 Microstructure of cross section of

M310-2 coating

Table 1 Microstructure and hardness of
coating specimens

Spedimen pﬁ‘gs cla, lgﬁjs metal - Porosily  pRisy
M307-1 43.7 25.9 30. 4 18
M307-2 46. 8 26.0 27.2 20
M307-3 53.6 27.3 19.1 60
F307-1 35.3 31.6 33.1 - 52
F307-2 39.1 28.3 32.6 - 34
F307-3 46. 6 26.1 27.3 - 20
M301-1 43.9 20. 4 35.7 - 12
M301-2 62.9 14.5 7.6 28
F301-1 82.5 13.0 4.5 73
F310-2 78.8 16.5 4.7 57
M3131 74.0 18.3 7.7 74
M3132 70. 1 21.8 8.1 70
M3133 74.9 17.9 7.2 77
F313 62.7 26.0 11.3 57
M601-1 29.4 69.3 1.3 51
M601-2 34.1 65.2 1.7 53
F601 53.9 44.6 1.5 65

Erosion wear test was made on a CM S 100 self-
made erosion machine. Fig. 2 shows the schematic dr
agram of the machine. The specimens to be tested

(a) (b)

Fig.2 Schematic diagram of
erosion tester (a) and specimen (b)

and abrasive particle were held in a 1.3~ 6.5 Pa vac
uum chamber. The abrasive particle was 147 Hm
corundum whose feeding rate was 16 g/ min. The im-
pact angles were 30°, 60° and 90°. Because the mean
velocity of 0. 15~ 0. 30mm diameter solid particles in
the gas flow with 150m/s velocity was 30 ~

70m/ s, the impact test speeds were 20~ 80m/s
which is the linear velocity of the rotary specimens.
Erosion time was 1h, but the time and impact speed
were changed for some specimens. The ratio of the
mass loss of the specimen to the mass of the grit, E,
was recorded as the erosion rate.

3 RESULTS AND DISCUSSION

3.1 Rule of erosion wear
3. 1.1 Effect of erosion time

The relationship between the mass loss and the
erosion time at given impact angles is linear, as
shown in Fig. 3. This indicates that the erosion rate
of the coatings is not related to the erosion time under
the same erosion condition, such as impact angle,
erosion speed, the kind and size of abrasive particles.

70
—F313 .
60F o a1z 9 50m/s
L «—F310-1
S v—F310-2
g "
é’ 30

Fig. 3 Erosion mass loss vs impact time
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M eanw hile, the relationship indicates that the erosion
rate of the coatings is related to the characteristics of
the coating type, microstructure and hardness, but
independent on the thickness of the coatings. There
fore, the erosion rate can act as a basis of the design
of coating lifetime under the given systematic parame-
ters.

Bulk materials and some coatings have an erosion
inoculation period, that is, the mass loss does not oc
(11314 Only if
the strain caused by impinging particles accumulates

cur immediately at the initial impac

to a critical value, can the metal grains on the impact-
ed surface of the materials fall off and the mass loss
appear, and then the erosion rate transits gradually to
a stable state. However, the erosion rate of the
abradable seal coatings at the initial stage becomes a
stable state, which is related to the high porosity,
large volume fraction of nommetal phase and weak
adhesion between metal grains in the coatings. This is
peculiar to the erosion wear of the abradable seal coat-
ings.
3.1.2 Effect of impact angle

Fig. 4 shows the erosion rate vs impact angle. It
is seen that the erosion rate of all the tested specimens
comes to the maximum at an impact angle 60°.

1.4
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Fig. 4 Effect of impact angle on erosion rate

According to the common rule of the erosion rate
with the change of impact angle a, the erosion wear
can be divided into plastic material wear and brittle
material wear. The relationship'"®! between erosion
rate and impact angle can be expressed as

E= A cos’asinma+ Bsin’a (D
where m, A and B are constants. For typical brit-
tle material, A is equal to zero and the erosion rate is
largest at 90° impact angle. For typical plastic materi-
al, B is equal to zero and the erosion rate is largest at
20~ 30° impact angle. Therefore, the erosion be
haviour of the abradable seal coating lies between the
behaviour of the plastic material and that of the brittle
material.

Because the hardness of the seal coatings, in
which the metal phase resisting erosion wear is typical

plastic material, is very low, the erosion wear is
mainly micro-cutting and plowing at low impact an-
gle. On the other hand, because the normal impact
on the surface of the coating increases with the in-
crease of impact angle, and because the coatings are
of high porosity and weak adhesion between the metal
phase grains and the non-metal phase, which are like
cracks, the erosion wear of the coating at larger im-
pacting angle could behave similar to that of brittle
materials. Therefore, the erosion rate of the coating
is largest at 60° impact angle.
3. 1.3 Effect of impact speed

Fig. 5 shows the relationship between the erosion
rate £ and the impact speed v at 30° impact angle.
According to regression analysis, we have

E= " (2)
2.0
N =—F310-2 .
z e—mM601-1 0% 1h
w 1.5 a—M313-2
¥ v—F601
3 1.0}
B
o=
% 0.5}
[£3]
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Impact speed/(me+s™ ")

Fig. 5 Effect of impact speed on erosion rate

where C is a constant, n is a speed exponent.
Table 2 lists C and n values at different impact an-
gles. Table 2 indicates that the speed exponent de-
pends on the impact angle. The different exponents
result from different erosion wear mechanisms of the
coatings at different impact angles. Moreover, n in-
creases with the increase of impact angle, showing
that the increase of impact speed results in the re-
markable increase of the erosion rate. The maximum
erosion mass loss moves to a higher impact angle with
the increase of impact speed. Therefore, the erosion
of the coatings at larger impact angles resembles to
that of a brittle material. At a low impact angle, the
speed exponent of the coating is close to that of plastic
material. However, at impact angles 60° and 90°, the

exponent n is larger than that of brittle material "'

3.2 Erosion wear mechanism and model

Fig.6(a), (b) show respectively the surface
morphologies of F601, M313-2 coatings impacted at
90°, 50m/s. The indentations and extruded lips on
the surface of the metal phase in the coatings are
clearly seen in the figures. The adhesion between
some lips and the metal phase matrix is weak, and
the lips could be easily peeled off by repeated impact.
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Table 2 Results of regression analysis of
relationship betw een erosion rate and impact speed

30° 60° 90

Specimen

c/10°* o ¢c/100% n C/100° &

F310-2 1.7 2.01 7.88 2.81 3.41 3.01
M3132 1.34 2.04 9.59 2.86 3.84 3.02
M601-1  2.98 2.02 6.69 3.00 2.25 3.22

F601 1.63 1.96 6.35 2.83 4.03 2.96

Fig. 6 Surface morphologies of F601 (a),
M313-2(b), M307-3(c) coatings impacted at
90° and 50 m/s

Therefore, it is thought that at 90° impact angle, the
abrasive particles impact on the surface of the metal
phase in the coating and produce indentations and ex-

truded lips, and then the lips impacted repeatedly by
abrasive particles become work-hardened and eventu-
ally fall off.

Since the coatings have many pores and a large
volume fraction of nommetal phase, which are like
pre-cracks, the metal grains in the coating are sepa-
rated by the pores and non-metal phase and become a
norr continuous body. Subsequently the adhesion be-
tween the metal grains is weak. During normal im-
pacting of the abrasive particles, the surface of the
coating endures Hertz force and experience partial
plastic deformation, accompanied by initiation of
cracks. The cracks propagate through the grain
boundaries, and then the flattened metal grains on
the coating surface become loose and eventually fall
off by repeated impact, as shown in Fig. 7.

Fig. 6(¢)
M307-3 coating impacted at 90° impact angle. It is

shows the surface morphology of

clearly seen that the indentation effect for 307 coating
at 90° is not so remarkable as that for 310, 313 and
601 coatings. The reason is that the hardness of the
metal phase in 307 coating is higher than that in 310,
313 and 601 coatings. In addition, the flattened met-
al grains easily fall off after a few impacts, because
307 coatings have higher porosity, a larger volume
fraction of non-metal phase and weaker adhesion be
tween the metal grains. The feature of extruded lips
on the surface of 307 coating is not remarkable, be-
cause the debond of the flattened metal grain occurs
prior to the generation of the extruded lips in repeti-
tive impact.

Fig.8(a), (b) show the eroded surface mor
phologies of M313, M601 coating impacted at 90°,
50m/s respectively. The pictures indicate that the
graphite in the coatings is impacted and fell off prior
to metal phase, leaving caves; but the polyester in
601 coating stays longer than the graphite in the oth-
er coatings because it can endure high elastic strain
and absorb impact energy of the abrasive particles.
With the removal of the graphite, 307 coating be-
comes loose, porous and honeycomb-like. This indi
cates that the erosion resistance of the graphite in the
coatings is extremely poor and the polyester in 601
coating has good erosion resistance.

The erosion wear mechanism of the abradable
seal coating at 90° impact can be expressed as below:
1) the abrasive particles impact and extrude the sur-
face of the coating, and produce indentations and ex-
truded lips, accompanied by the peeling off of the
lips; 2) the flattened metal phase grains in the surface
layer of the coating be loosened and de-bonded by re-
peated impact. The former effect is more remarkable
for 310, 313 and 601 coatings, and the latter effect is
more remarkable for 307 coating. To summarize, the
model of indentation and delamination of grains for
the abradable seal coating at 90° impact angle is put
forward and shown in Fig. 9(a) .
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Fig. 10(a), (b) and (c) show respectively the
surface morphologies of erosion worn F313, M601-1
and M307-3 coatings impacted at 30°, 50m/s. Mt
cro-cutting and plowing traces, and curled parts pro-
duced by cutting and plowing are observed in the fig-
ures. Cracks occur between the curled parts and the
metal phase matrix. The curled parts are repeatedly

impacted by impinging particles and easily fall off.
This indicates that the micro-cutting and plowing
caused by shear component of the abrasive particles
play a dominant role at lower impact angle.
Fig. 10(b) shows also that the micro-cutting and
plowing traces on the eroded surface of 601 coating

are short, shallow and flat, because the polyester in

1(a)

Fig.7 Cracks on surfaces of F313 coating (a) and
loosened metal phase grain of M313-2 coating (b) impacted at 90° and 50 m/ s

P o

DEa7431 25 kV

Fig. 8 Surface morphologies of M313 (a) and M601 (b) coating impacted at 90° and 50 m/ s

Particle

Indentation
Debonding at splat

Strain hardening
of extruded lip

Particle

Tunneling via pores

Plowing  and non-metal

Fig. 9 Model of erosion wear at 90° (a) and 30° (b)
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Fig. 10 Surface morphologies of F313 (a),
M601-1 (b) and M307-3 (c¢) coating impacted
at 30° and 50m/s

the coating absorbs partial energy of the impinging
particles. Compared with 310, 313 and 601 coatings,
the micro-cutting and plowing traces in 307 coating
and the
amount of curled parts is less, as shown in

Fig. 10(c). This is attributed to the higher hardness
of metal phase Ni, higher porosity and larger amount

are shorter, more shallow and flatter,

of nom-metal phase in 307 coating. In addition, in the
presence of high porosity and a large volume fraction
of non-metal phase, the impinging particles produce
tunneling via pores and nonmmetal phase during mi
cro-cutting and plowing. This process accelerates the
mass loss of the coating. The tunneling is more re-

markable in 307 coating. Therefore, the erosion wear
of the abradable seal coating at 30° impact angle is
characterized by micro-cutting, plowing and tunnel-
ing via pores and nommetal phase, as shown in
Fig. 9(b).

Fig. 11 shows the eroded surface morphology of
F313 coating impacted at 60° and 50m/s. It is clearly
seen that the traces of micro-cutting and plowing are
not so shallow and flat as those at 30°, and the inden-
tation and extruded lips are not so remarkable as those
at 90°. Thus, the erosion wear of the coatings at 60°
lies between that at 30° and that at 90°.

Fig. 11 Surface morphology of F313 coating
impacted at 60° and 50m/s

4 CONCLUSIONS

1) The relationship between erosion wear mass
loss of the abradable seal coatings and erosion time is
linear, and no erosion inoculation period is observed.
The coatings hold a maximum erosion rate at 60° im-
pact angle. The relation between erosion rate and im-
pact speed is an exponential function. The speed ex-
ponent increases with the increase of impact angle.

2) At 90° impact angle, the abrasive particles
impact and extrude the surface of the coatings, and
produce indentations and extruded lips, and then the
lips become work-hardened by repeated impact and
eventually fall off. The flattened metal phase grains
in the surface layer of the coating loosen and de-bond
by repeated impact. The former effect is more re-
markable for 310, 313 and 601 coatings, and the lat-
ter effect is more remarkable for 307 coating. The
erosion resistance of the graphite in the coatings is ex-
tremely poor and is eroded away prior to the metal
phase.

3) At 30° impact angle, the erosion wear of the
coatings is characterized by micro-cutting, plowing
and tunneling via pores and nommetal phase. Erosion
wear at 60° lies between that at 30° and that at 90°.
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