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Abstract

Solid particle erosion tests have been conducted on three different alumina-based refractories at elevated temperatures up to 1400 °C, using sharp
SiC particles between 325 and 830 wm in diameter. The impact speed is 50 m/s and the impact angle is varied between 30° and 90°. The objective
of this study is to ascertain the effects of temperature and impact angle on the erosion resistance of alumina refractories. The experimental results
reveal that the alumina-based refractories, in general, exhibit increasing erosion resistance with increasing temperature and decreasing impact
angle, with the minimum erosion rate at 1200 °C and 30° impact angle. Chrome corundum refractory brick is the most resistant to vertical erosion,
due to its highest alumina content, and associated hardness and density, as well as strongly bonded aggregate and binder phase. The primary

material removal mechanisms are fracture and chipping of binder phase and aggregate, as well as aggregate pull-out.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

High-temperature solid-particle erosion wear, which can
cause major damage and failure of many industrial equipments
and facilities, is a serious issue in coal-fired thermal power
stations, cement industry, garbage incineration, petrochemical
industry, and metallurgical industry. For instance, refractory
materials used in a slagging gasifier, are subject to “erosion
wear” due to the combination of chemical and mechanical inter-
action with the refractories. The causes of such erosion wear
may include chemical corrosion of molten slag/hot gas/molten
salt and physical wears of high velocity particulate/flowing slag
erosion, creep, thermal shock damage and spalling.! To avoid
misunderstanding, it is essential to clarify in this paper that
the “erosion wear” only refers to the physical action of “solid
particle erosion”.
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Erosion wear or “solid particle erosion” at elevated tempera-
tures is an even more special, yet important, issue. The refractory
lining materials for circulating fluidized bed (CFB) furnace are
commonly eroded between 850 °C and 1100 °C by the coal pow-
ders, high-melting mineral impurity particles and limestone grits
for desulfurizing. The refractory linings of dry-process cement
kiln, cyclone separator and garbage incinerator are also sub-
ject to similar erosion wear at various elevated temperatures by
clinker, dust and garbage. Their services can be severely short-
ened by such high temperature erosion wear. Therefore it is
essential to fully understand the process and mechanisms of the
high temperature erosion of commonly used refractories, which
in turn will help to develop new generation of refractories with
improved erosion wear performance.

Itis noted that a number of studies have been done on the solid
particle erosion at elevated temperature for metals and ceramic
materials.” 8 Key erosion mechanisms have been studied using
micro-cutting model and elastic—plastic fracture mechanics.”~'%
Yet, little work on the erosion wear of refractories has been
reported in the literature. Refractories consisting of very coarse
and fine aggregates and binder phase, is very different to
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Table 1
Chemical compositions and properties of three alumina based refractory bricks.
Property Brick type
HAB CMB CCB
Chem. (wt.%)"
-AlL O3, > 70 75 87
—Cry03, > NL NL 12
-Si0,, < NL NL 0.3
—Fe, 03, < 1.5 0.8 0.4
Cold compression strength (MPa)*, > 60 120 120
Bending strength (MPa) 15.9-17.8" 16-23% 16.2-31.7°
Vickers hardness of aggregates (GPa)™ 11.2 12.5 13.7
Vickers hardness of binder phase (GPa)™ 9.8 10.2 11.8
Apparent porosity (%)”, < 21 18 17
Bulk density (g/cm3)”, > 2.8 29 33
Apparent porosity (%) 22 12.7 14.5
Bulk density (g/cm?)™" 2.7 29 3.1

* Data from manufacturer’s technical publication. NL, not listed.
™ Data from laboratory measurements.

a Cail®.

b 1,420

fine-grained and more uniform ceramics and metals. Therefore,
the primary objective of this paper is to compare the high tem-
perature erosion wear performances of three commonly used
alumina based refractories, i.e. high alumina brick, corundum-
mullite brick and chrome corundum brick. It is also attempted
to ascertain the effects environmental temperature and impact
angle on the erosion resistance of alumina refractories. Digital
camera, optical and scanning electron microscopes are used to
characterize the erosion characteristics and identify the major
erosion mechanisms.

2. Materials and methods

Solid particle erosion tests were carried out on the commer-
cial alumina-based refractories of high alumina brick (HAB),
corundum-mullite brick (CMB) and chrome corundum brick
(CCB) sourced from Luoyang refractory Co., China. Their
chemical compositions and fundamental properties are listed in
Table 1. The target for vertical/normal erosion had a dimension
of 12cm x 12cm x 3 cm. Standard refractory bricks were cut
into different angular blocks, as the targets for oblique erosion.
The erosion tests were performed using an in-house designed
high-temperature (up to 1400 °C) solid particle erosion equip-
ment in accordance with ASTM G76-04. Its schematic diagram
is shown in Fig. 1. As can be seen, the nozzle, target and erosion
chamber are in the furnace. The recrystallized silicon carbide
erosion chamber is for protecting the heating unit and furnace
lining from erosion damage. Angular black silicon carbide grits
(97% of particles are within the size range of 325-830 wm) were
used as impact/erodent particles. The impact particles are accel-
erated in an air stream down a glass tube (diameter 10 mm) and
corundum ceramic nozzle (diameter 20 mm) to impact on the
targets at 25 °C, 1000 °C, 1200 °C and 1400 °C. The stand-off
distance, from the end of the nozzle to the surface of the target,
was 10 cm. The feeding rate of impact particles was 60 g min™".
The duration of each test was 5 min, during which about 300 g of

SiC particles had impacted the target surface. The impingement
angles of gas-particle stream on the targets were 30°, 45°, 60°,
75° and 90°. The impact velocity was 50 m/s measured by the
rotating double-discs method.!” For high temperature erosion,
it is essential to pre-heat the targets to minimize the effect of
thermal shock on the erosion damage. The solid particle erosion
resistance was characterized with the volume erosion rate, which
was defined as the volume loss of specimen material divided by
the total mass of abrasive particles (mm? g~!) as shown by Eq.
(1. 18

volume erosion rate =
average mass loss 1 1

X

test time particle flux ~ specimen density
Bulk density and apparent porosity were measured using
the Archimedes water immersion method. The alumina refrac-
tory bricks were cut into bars of 100 mm x 20 mm x 20 mm.

The bending strength was determined using a conventional
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Fig. 1. Schematic of the high-temperature solid particle erosion apparatus.
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Fig. 2. The volume erosion rates of alumina-based refractories with respect to
the test temperature.

three-point bending method with a support roller span of 80 mm
at a crosshead speed of 0.5 mm/min. The Vickers hardness was
examined under a load of 0.2 kg, held for 15 s. The compositions
and physical properties are listed in Table 1.

Optical microscopy and scanning electron microscopy
(SEM) (JSM 6460LV) were used to characterize the original
and erosion surfaces

3. Results and discussion

In order to compare the high temperature erosion wear perfor-
mances of the three alumina-based refractories, it is essential to
clearly understand their similarities and differences. Although
Al>O3 is the main component for all three refractory bricks,
the percentage content is different. As shown in Table 1, it is
about 87.0 wt.% for chrome corundum brick (CCB), 80.0 wt.%
for corundum-mullite brick (CMB), and only 70.0 wt.% for
high alumina brick (HAB). It should be mentioned that tradi-
tional refractories commonly consist of aggregates and binder
phases/matrixes. Aggregates are normally refractory particles
with the diameters over 0.044 mm. It is also reported that
1-3mm and —1 mm aggregates are usually used for shaped
alumina based refractories.?!>2 For HAB, calcined bauxite or
chamotte particles are usually used as the raw aggregates, and
industrial alumina or refractory clay powders as raw binders.
After sintering, the main phases in HAB contain mullite, corun-
dum and glassy phase.?>?* White fused corundum and mullite
particles are mainly raw aggregates for CMB. Industrial alu-
mina and silica or mullite or refractory clay micro powders are
used as raw binders.”> Main phases of aggregates for sintered
CMB are corundum and mullite. Most of the binder phase is
micro-crystalline mullite. With the addition of about 10 wt.%
Cr;03, CCB is a special kind of refractory with significant
compositional and micro-structural differences to HAB and
CMB. The main phases are solid solution Cr,03-Al,03.26:%7
Pink fused corundum particles and Cr,O3—Al,O3 powders are
respectively used as raw aggregates and binders. In the sin-
tered CCB, the aggregates and binder are tightly bonded by
the micro-crystalline CryO3—Al; O3, which improves its strength
and resistance to mechanical damage. On the basis of data in
Table 1 and the above discussion, what we could expect is that

Impact Angle / °

Fig. 3. The volume erosion rates of the alumina-based refractories with respect
to the impingement angle at room temperature.

CCB should show better erosion resistance compared with CMB
and HAB. And HAB would be the least resistant to solid particle
erosion damage at room temperature.

Fig. 2 shows the volume erosion rate of HAB, CMB and
CCB as a function of the test temperature. As can be seen, the
erosion rate tends to slightly decrease with increasing the test
temperature from 25 °C to 1000 °C, then sharply decline from
1000 °C to 1400 °C. The possible reasons are as follows. At high
temperatures, the aggregates would expand to some extent and
create residual compressive stresses within the binder phase,
which could improve the overall strength and erosion resistance
of the refractory brick. Also at elevated temperatures, the binder
phase is softer and can accommodate more plastic deformation.
So more impact energy can be consumed and absorbed. The
alumina-based refractories show improved erosion performance
with elevating the test temperature. At 1200 °C, they exhibit the
best erosion resistance. As might be expected, the erosion resis-
tance of CMB is between those of CCB and HAB. CCB is the
most resistant to erosion damage. The reason may relate to their
various mechanical properties, phase compositions, and porosi-
ties. CMB and CCB have better strengths and lower porosities
than that of HAB, as shown in Table 1. CCB has more corun-
dum phase than that of CMB. And the main phase in HAB is
mullite. As listed in Table 1, the Vickers hardness of aggre-
gate in HAB, CCB and CMB is respectively 11.2 GPa, 12.5 GPa
and 13.7 GPa. The hardness of their binder phase is sequentially
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Fig. 4. The volume erosion rates of the alumina-based refractories with respect
to the impingement angle at 1200 °C.
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Fig. 5. The photographs showing the original and eroded surfaces of the alumina based refractories at the impingement angle of 90°: the original surfaces of (a) high
alumina brick (HAB), (b) corundum-mullite brick (CMB) and (c) chrome corundum brick (CCB); the eroded surfaces of (d) HAB, (e) CMB and (f) CCB at room
temperature; the eroded surfaces of (g) HAB, (h) CMB and (i) CCB at 1200 °C.

Fig. 6. The optical micrographs showing the original surfaces and erosion morphologies of the targets at the impingement angle of 75°: the original surface of (a)
high alumina brick (HAB), (b) corundum-mullite brick (CMB) and (c) chrome corundum brick (CCB); the erosion morphologies of (d) HAB, (e¢) CMB and (f) at
room temperature; the erosion morphologies of (g) HAB, (h) CMB and (i) CCB at 1200 °C.
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Fig. 8. Erosion morphologies of alumina-based refractories for vertical erosion at room temperature: (a) overview and (b) enlarged photo for corundum-mullite

brick; (c) overview and (d) enlarged photo for chrome corundum brick.

9.8 GPa, 10.2 GPa and 11.8 GPa. It is obvious that CCB has the
highest hardness for binder phase and aggregate. Besides, the
bending/compression strength of CCB is higher than those of
HAB and CMB as shown in Table 1. So CCB exhibits better
erosion resistance compared with HAB and CMB.

Note that the erosion rate at 1400 °C is negative. Because, in
this case, SiC impact particles adhered on all the eroded samples
due to the self-contained and melt glass contaminant from the
accelerating tube, leading to a mass gain and invalid negative
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Fig.9. Schematic diagram of material removal process for refractories impacted
by hard particles.

l impact particles
pull out

erosion rate of the impacted samples. Therefore only the erosion
properties at 25 °C, 1000 °C, and 1200 °C were discussed above.

Fig. 3 shows the volume erosion rate as a function of the
impingement angle at room temperature. The erosion rate is
found to be strongly dependent on the impingement angle,
increasing notably with increasing the impingement angle. For
HAB and CCB, it reaches the highest value at 90°, twice of that
at 30°. For CMB, maximum erosion rate occurs at 60°. As is
well known, for typical brittle materials, maximum impact ero-
sion rate usually occurs at 90°. It is always for impact at 15-30°
for typical ductile materials. At room temperature, refractories
are brittle materials. And for normal erosion, the impact energy
of erodent particles acting on the target surface is much more
than that for oblique erosion. It should be mentioned that the
erosion rate data shows CCB is more resistant to impact damage
for the erosion at room temperature compared with HAB and
CMB.

Fig. 4 shows the volume erosion rate as a function of impinge-
ment angle at 1200°C. The erosion rate increases notably
with increasing the impingement angle. For HAB and CMB,
it reaches the highest value for erosion at 90°. For CCB, maxi-
mum erosion rate appears for erosion at 60°. It can be concluded
that the alumina-based refractories exhibit better erosion perfor-
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Fig. 10. Cross-sectional view showing the cracks in aggregate located at the bottom of erosion pit.

mance at low impingement angles than that at high angles. Note
that the erosion rate data shows HAB is more resistant to impact
damage for oblique erosion at 1200 °C compared with CMB and
CCB, just opposite to that for the normal erosion.

Fig. 5 displays photos showing the original and eroded sur-
faces of the alumina-based refractories for the erosion at 90°.
It can be seen that after the erosion tests were conducted, the
angular aggregates became rounder and more exposed due to
impact and micro-cutting of the SiC erodents. The binder phase
was heavily eroded. The damage craters for the erosion at room
temperature are deeper than those at 1200 °C, which shows
that the targets have better erosion resistances at 1200 °C. As
shown in Figs. 5(d)—(f), the erosion craters for the three kinds
of alumina-based refractories have nearly the same diameter of
about 30 mm, but different depths of 10 mm for HAB, 5 mm for
CMB and 3 mm for CCB. And more exposed aggregates can be
found in the eroded surfaces of HAB and CMB compared with
CCB, which indicates that CCB has a stronger binder phase and
aggregates/binder bonding interface, and eventually the better
erosion resistance.

Fig. 6 shows the optical micro-morphologies of the original
and eroded surfaces of the alumina-based refractories for the
erosions at 75°. From Fig. 6(a)—(c), the angular aggregates with
diameters of 2-5mm can be found in the raw refractory tar-
gets, which is similar to what has been shown in Fig. 5(a)—(c).
They become rounder after the erosion at room temperature
and 1200 °C as shown in Fig. 6(d)—(i). The binder phases were
eroded heavily because of the higher porosity compared with
the aggregates. As can be seen from Fig. 6(d), (e), (g) and
(h), the aggregates were exposed after the binder phases were
removed from HAB and CMB. And the aggregates pull-outs
occurred in the erosion process as shown in Fig. 6(d). The mate-
rial removal resulted from the fracturing and chipping of the
binder phase and aggregates, as well as the aggregates pull-
outs, which is very similar to the erosion mechanism282° for
cermets, for example, WC-Co/Cr, Because refractories and cer-
mets are both composed of hard aggregates/particles and soft
binder phases.

The binder phase of CCB exhibits higher hardness and bet-
ter erosion resistance compared with HAB and CMB, which is
supported by the values listed in Table 1 and the shallower ero-
sion craters shown in Fig. 6(f) and (i). Few exposed aggregates
can be found in the eroded surface of CMB, due to the pro-
tection of binder phase. So it is essential for the refractories to

have a hard and strong binder phase for achieving good erosion
resistance.

In order to understand the microstructure of the three alumina
based refractories, SEM observation was carried out on their
polished surfaces. The typical images are shown in Fig. 7. As
can be seen, the most of aggregates are angular and more than
0.5 mm in diameter. The binder phase is quite porous, which is
not beneficial to the erosion wear resistance of the refractories.
Both the aggregate and binder phase of HAB have much higher
porosity compared with CMB and CCB, which supports that
HAB shows poorer erosion resistance.

Fig. 8 shows the overview and enlarged photo of eroded
aggregates and binder phases in CMB and CCB. As can be seen,
the corundum and chrome corundum aggregates have rounder
surfaces compared with the un-eroded angular ones. It should be
mentioned that the softer binder phases are eroded more heav-
ily compared with the aggregates as shown in Fig. 8(a) and (c),
which is similar to what has been shown in Fig. 6. Enlarged SEM
photos of eroded surface are shown in Fig. 8(b) and (d). Some
small chips and micro-cracks can be found. The binder phase
and aggregate in the top surface cracks and fractures due to the
impact of the erodent particles. Then the material is removed
as chips. It is proposed that brittle erosion mechanism is dom-
inant for the material removal of refractories eroded at room
temperature.

Refractories consisting of coarse aggregate and binder phase
are brittle materials. So the brittle erosion mechanism should
dominate the material removal. As reported by Evans et al.'?
and Lawn et al.%%, radial and lateral cracks occur when the brit-
tle materials are eroded by hard particles. The former decreases
the strength of the target, yet the latter leads to the material
removal. In a similar way, cracks generate and propagate in the
binder phase and aggregate for refractories impacted by ero-
dent particles. After that, big erosion pits occur in the binder
phase and some aggregates are dislodged, as shown in Fig. 9. It
should be mentioned that cracks could also occur in the subsur-
face due to the accumulated impact stress and energy of the
erodent particles, which has a significant contribution to the
dislocation of millimetre-sized aggregates. Fig. 9 displays the
material removal process for the refractories, which was further
confirmed by the cross-sectional observation of the damaged
area. SEM images in Fig. 10 show that cracking has occurred
in the aggregates, indicating brittle erosion does occur in those
refractories.
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4. Conclusions

This study has compared the erosion wear resistances of three
commercial alumina-based refractories, high alumina brick
(HAB), corundum-mullite and chrome corundum bricks (CMB
and CCB), which were measured at a range of temperatures
from room temperature to 1400 °C, and with the solid-particle
impact angles from 30° to 90°. Based on the experimental results
and associated discussions in the previous section, the following
conclusions can be drawn.

(1) All three alumina-based refractories show increasing ero-
sive wear resistance with increasing temperature, and
decreasing impact angle. However, the minimum erosion
took place at 1200 °C and with the impact angle of 30°, the
lowest impact angle tested.

(2) CCB has better erosion resistance than those of HAB and
CMB, consistent with their alumina percentage and mechan-
ical properties.

(3) The material removal is mainly resulted from fracture and
chipping of the binder phase and aggregates, as well as the
aggregates pull-outs. Those brittle erosion mechanisms still
dominate the material removal of those refractories due to
solid particle impact erosion at elevated temperatures.

(4) To optimize the erosion resistance, alumina-based refracto-
ries should have hard aggregates and strong binder phases,
in addition to low porosity.
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