
A

S
S
o
r
a
d
m
©

K

1

c
a
s
i
m
w
a
m
s
e
m
t
p

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 32 (2012) 283–289

Solid particle impact erosion of alumina-based refractories
at elevated temperatures

Jing-Zhou Yang a,b, Ming-Hao Fang a, Zhao-Hui Huang a,∗, Xiao-Zhi Hu b,
Yan-Gai Liu a, Hao-Ran Sun a, Jun-Tong Huang a,c, Xiao-Chao Li a

a School of Materials Science and Technology, China University of Geosciences (Beijing), Beijing 100083, PR China
b School of Mechanical and Chemical Engineering, University of Western Australia, Perth, WA 6009, Australia

c Department of Engineering Materials, University of Sheffield, Sheffield S1 3JD, UK

Received 10 February 2011; received in revised form 28 July 2011; accepted 7 August 2011
Available online 9 September 2011

bstract

olid particle erosion tests have been conducted on three different alumina-based refractories at elevated temperatures up to 1400 ◦C, using sharp
iC particles between 325 and 830 �m in diameter. The impact speed is 50 m/s and the impact angle is varied between 30◦ and 90◦. The objective
f this study is to ascertain the effects of temperature and impact angle on the erosion resistance of alumina refractories. The experimental results
eveal that the alumina-based refractories, in general, exhibit increasing erosion resistance with increasing temperature and decreasing impact

◦ ◦
ngle, with the minimum erosion rate at 1200 C and 30 impact angle. Chrome corundum refractory brick is the most resistant to vertical erosion,
ue to its highest alumina content, and associated hardness and density, as well as strongly bonded aggregate and binder phase. The primary
aterial 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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. Introduction

High-temperature solid-particle erosion wear, which can
ause major damage and failure of many industrial equipments
nd facilities, is a serious issue in coal-fired thermal power
tations, cement industry, garbage incineration, petrochemical
ndustry, and metallurgical industry. For instance, refractory
aterials used in a slagging gasifier, are subject to “erosion
ear” due to the combination of chemical and mechanical inter-

ction with the refractories. The causes of such erosion wear
ay include chemical corrosion of molten slag/hot gas/molten

alt and physical wears of high velocity particulate/flowing slag
rosion, creep, thermal shock damage and spalling.1 To avoid
isunderstanding, it is essential to clarify in this paper that
he “erosion wear” only refers to the physical action of “solid
article erosion”.

∗ Corresponding author. Tel.: +86 10 82322186; fax: +86 10 82322186.
E-mail address: huang118@cugb.edu.cn (Z.-H. Huang).
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Erosion wear or “solid particle erosion” at elevated tempera-
ures is an even more special, yet important, issue. The refractory
ining materials for circulating fluidized bed (CFB) furnace are
ommonly eroded between 850 ◦C and 1100 ◦C by the coal pow-
ers, high-melting mineral impurity particles and limestone grits
or desulfurizing. The refractory linings of dry-process cement
iln, cyclone separator and garbage incinerator are also sub-
ect to similar erosion wear at various elevated temperatures by
linker, dust and garbage. Their services can be severely short-
ned by such high temperature erosion wear. Therefore it is
ssential to fully understand the process and mechanisms of the
igh temperature erosion of commonly used refractories, which
n turn will help to develop new generation of refractories with
mproved erosion wear performance.

It is noted that a number of studies have been done on the solid
article erosion at elevated temperature for metals and ceramic
aterials.2–8 Key erosion mechanisms have been studied using

9–16
icro-cutting model and elastic–plastic fracture mechanics.
et, little work on the erosion wear of refractories has been

eported in the literature. Refractories consisting of very coarse
nd fine aggregates and binder phase, is very different to

dx.doi.org/10.1016/j.jeurceramsoc.2011.08.017
mailto:huang118@cugb.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2011.08.017
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Table 1
Chemical compositions and properties of three alumina based refractory bricks.

Property Brick type

HAB CMB CCB

Chem. (wt.%)*

–Al2O3, ≥ 70 75 87
–Cr2O3, ≥ NL NL 12
–SiO2, ≤ NL NL 0.3
–Fe2O3, ≤ 1.5 0.8 0.4

Cold compression strength (MPa)*, ≥ 60 120 120
Bending strength (MPa) 15.9–17.8** 16–23a 16.2–31.7b

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 2.9 3.3
Apparent porosity (%)** 22 12.7 14.5
Bulk density (g/cm3)** 2.7 2.9 3.1

* Data from manufacturer’s technical publication. NL, not listed.
** Data from laboratory measurements.
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the Archimedes water immersion method. The alumina refrac-
tory bricks were cut into bars of 100 mm × 20 mm × 20 mm.
The bending strength was determined using a conventional
a Cai19.
b Li20.

ne-grained and more uniform ceramics and metals. Therefore,
he primary objective of this paper is to compare the high tem-
erature erosion wear performances of three commonly used
lumina based refractories, i.e. high alumina brick, corundum-
ullite brick and chrome corundum brick. It is also attempted

o ascertain the effects environmental temperature and impact
ngle on the erosion resistance of alumina refractories. Digital
amera, optical and scanning electron microscopes are used to
haracterize the erosion characteristics and identify the major
rosion mechanisms.

. Materials and methods

Solid particle erosion tests were carried out on the commer-
ial alumina-based refractories of high alumina brick (HAB),
orundum-mullite brick (CMB) and chrome corundum brick
CCB) sourced from Luoyang refractory Co., China. Their
hemical compositions and fundamental properties are listed in
able 1. The target for vertical/normal erosion had a dimension
f 12 cm × 12 cm × 3 cm. Standard refractory bricks were cut
nto different angular blocks, as the targets for oblique erosion.
he erosion tests were performed using an in-house designed
igh-temperature (up to 1400 ◦C) solid particle erosion equip-
ent in accordance with ASTM G76-04. Its schematic diagram

s shown in Fig. 1. As can be seen, the nozzle, target and erosion
hamber are in the furnace. The recrystallized silicon carbide
rosion chamber is for protecting the heating unit and furnace
ining from erosion damage. Angular black silicon carbide grits
97% of particles are within the size range of 325–830 �m) were
sed as impact/erodent particles. The impact particles are accel-
rated in an air stream down a glass tube (diameter 10 mm) and
orundum ceramic nozzle (diameter 20 mm) to impact on the

◦ ◦ ◦ ◦
argets at 25 C, 1000 C, 1200 C and 1400 C. The stand-off
istance, from the end of the nozzle to the surface of the target,
as 10 cm. The feeding rate of impact particles was 60 g min−1.
he duration of each test was 5 min, during which about 300 g of F
iC particles had impacted the target surface. The impingement
ngles of gas-particle stream on the targets were 30◦, 45◦, 60◦,
5◦ and 90◦. The impact velocity was 50 m/s measured by the
otating double-discs method.17 For high temperature erosion,
t is essential to pre-heat the targets to minimize the effect of
hermal shock on the erosion damage. The solid particle erosion
esistance was characterized with the volume erosion rate, which
as defined as the volume loss of specimen material divided by

he total mass of abrasive particles (mm3 g−1) as shown by Eq.
1).18

olume erosion rate =
average mass loss

test time
× 1

particle flux
× 1

specimen density
(1)

Bulk density and apparent porosity were measured using
ig. 1. Schematic of the high-temperature solid particle erosion apparatus.



J.-Z. Yang et al. / Journal of the European Ceramic Society 32 (2012) 283–289 285

F
t

t
a
e
a

(
a

3

m
c
A
t
a
f
h
t
p
w
1
a
c
i
A
d
p
m
u
C
m
C
c
C
P
r
t
t
a
T

F
t

C
a
e

C
e
t
1
t
c
w
o
p
S
a
w
b
t
m
v
t
t
d
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
ig. 2. The volume erosion rates of alumina-based refractories with respect to
he test temperature.

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

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

. Results and discussion

In order to compare the high temperature erosion wear perfor-
ances of the three alumina-based refractories, it is essential to

learly understand their similarities and differences. Although
l2O3 is the main component for all three refractory bricks,

he percentage content is different. As shown in Table 1, it is
bout 87.0 wt.% for chrome corundum brick (CCB), 80.0 wt.%
or corundum-mullite brick (CMB), and only 70.0 wt.% for
igh alumina brick (HAB). It should be mentioned that tradi-
ional refractories commonly consist of aggregates and binder
hases/matrixes. Aggregates are normally refractory particles
ith the diameters over 0.044 mm. It is also reported that
–3 mm and −1 mm aggregates are usually used for shaped
lumina based refractories.21,22 For HAB, calcined bauxite or
hamotte particles are usually used as the raw aggregates, and
ndustrial alumina or refractory clay powders as raw binders.
fter sintering, the main phases in HAB contain mullite, corun-
um and glassy phase.23,24 White fused corundum and mullite
articles are mainly raw aggregates for CMB. Industrial alu-
ina and silica or mullite or refractory clay micro powders are

sed as raw binders.25 Main phases of aggregates for sintered
MB are corundum and mullite. Most of the binder phase is
icro-crystalline mullite. With the addition of about 10 wt.%
r2O3, CCB is a special kind of refractory with significant
ompositional and micro-structural differences to HAB and
MB. The main phases are solid solution Cr2O3–Al2O3.26,27

ink fused corundum particles and Cr2O3–Al2O3 powders are
espectively used as raw aggregates and binders. In the sin-
ered CCB, the aggregates and binder are tightly bonded by

he micro-crystalline Cr2O3–Al2O3, which improves its strength
nd resistance to mechanical damage. On the basis of data in
able 1 and the above discussion, what we could expect is that

F
t

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

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

Fig. 2 shows the volume erosion rate of HAB, CMB and
CB as a function of the test temperature. As can be seen, the
rosion rate tends to slightly decrease with increasing the test
emperature from 25 ◦C to 1000 ◦C, then sharply decline from
000 ◦C to 1400 ◦C. The possible reasons are as follows. At high
emperatures, the aggregates would expand to some extent and
reate residual compressive stresses within the binder phase,
hich could improve the overall strength and erosion resistance
f the refractory brick. Also at elevated temperatures, the binder
hase is softer and can accommodate more plastic deformation.
o more impact energy can be consumed and absorbed. The
lumina-based refractories show improved erosion performance
ith elevating the test temperature. At 1200 ◦C, they exhibit the
est erosion resistance. As might be expected, the erosion resis-
ance of CMB is between those of CCB and HAB. CCB is the

ost resistant to erosion damage. The reason may relate to their
arious mechanical properties, phase compositions, and porosi-
ies. CMB and CCB have better strengths and lower porosities
han that of HAB, as shown in Table 1. CCB has more corun-
um phase than that of CMB. And the main phase in HAB is
ig. 4. The volume erosion rates of the alumina-based refractories with respect
o 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.

F
h
r

ig. 6. The optical micrographs showing the original surfaces and erosion morpholo
igh alumina brick (HAB), (b) corundum-mullite brick (CMB) and (c) chrome coru
oom temperature; the erosion morphologies of (g) HAB, (h) CMB and (i) CCB at 12
gies of the targets at the impingement angle of 75◦: the original surface of (a)
ndum brick (CCB); the erosion morphologies of (d) HAB, (e) CMB and (f) at
00 ◦C.
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Fig. 7. SEM images showing microstructures of (a) high alumina brick; (b) corundum-mullite brick and (c) chrome corundum brick.
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ig. 8. Erosion morphologies of alumina-based refractories for vertical erosio
rick; (c) overview and (d) enlarged photo for chrome corundum brick.

.8 GPa, 10.2 GPa and 11.8 GPa. It is obvious that CCB has the
ighest hardness for binder phase and aggregate. Besides, the
ending/compression strength of CCB is higher than those of
AB and CMB as shown in Table 1. So CCB exhibits better

rosion resistance compared with HAB and CMB.
Note that the erosion rate at 1400 ◦C is negative. Because, in
his case, SiC impact particles adhered on all the eroded samples
ue to the self-contained and melt glass contaminant from the
ccelerating tube, leading to a mass gain and invalid negative

ig. 9. Schematic diagram of material removal process for refractories impacted
y hard particles.
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oom temperature: (a) overview and (b) enlarged photo for corundum-mullite

rosion rate of the impacted samples. Therefore only the erosion
roperties at 25 ◦C, 1000 ◦C, and 1200 ◦C were discussed above.

Fig. 3 shows the volume erosion rate as a function of the
mpingement angle at room temperature. The erosion rate is
ound to be strongly dependent on the impingement angle,
ncreasing notably with increasing the impingement angle. For
AB and CCB, it reaches the highest value at 90◦, twice of that

t 30◦. For CMB, maximum erosion rate occurs at 60◦. As is
ell known, for typical brittle materials, maximum impact ero-

ion rate usually occurs at 90◦. It is always for impact at 15–30◦
or typical ductile materials. At room temperature, refractories
re brittle materials. And for normal erosion, the impact energy
f erodent particles acting on the target surface is much more
han that for oblique erosion. It should be mentioned that the
rosion rate data shows CCB is more resistant to impact damage
or the erosion at room temperature compared with HAB and
MB.

Fig. 4 shows the volume erosion rate as a function of impinge-
ent angle at 1200 ◦C. The erosion rate increases notably
ith increasing the impingement angle. For HAB and CMB,
t reaches the highest value for erosion at 90◦. For CCB, maxi-
um erosion rate appears for erosion at 60◦. It can be concluded

hat the alumina-based refractories exhibit better erosion perfor-



288 J.-Z. Yang et al. / Journal of the European Ceramic Society 32 (2012) 283–289

ks in

m
t
d
C

f
I
a
i
w
t
t
s
o
a
C
f
C
a
e

a
e
d
g
T
a
e
t
(
r
o
r
b
o
c
m
b

t
s
s
c
t

h
r

b
p
c
0
n
B
p
H

a
t
s
m
i
w
p
s
a
i
a
i
t

a
d
a
t
t
r
b
d
p
s
f
e
d
m
c

Fig. 10. Cross-sectional view showing the crac

ance at low impingement angles than that at high angles. Note
hat the erosion rate data shows HAB is more resistant to impact
amage for oblique erosion at 1200 ◦C compared with CMB and
CB, just opposite to that for the normal erosion.

Fig. 5 displays photos showing the original and eroded sur-
aces of the alumina-based refractories for the erosion at 90◦.
t can be seen that after the erosion tests were conducted, the
ngular aggregates became rounder and more exposed due to
mpact and micro-cutting of the SiC erodents. The binder phase
as heavily eroded. The damage craters for the erosion at room

emperature are deeper than those at 1200 ◦C, which shows
hat the targets have better erosion resistances at 1200 ◦C. As
hown in Figs. 5(d)–(f), the erosion craters for the three kinds
f alumina-based refractories have nearly the same diameter of
bout 30 mm, but different depths of 10 mm for HAB, 5 mm for
MB and 3 mm for CCB. And more exposed aggregates can be

ound in the eroded surfaces of HAB and CMB compared with
CB, which indicates that CCB has a stronger binder phase and
ggregates/binder bonding interface, and eventually the better
rosion resistance.

Fig. 6 shows the optical micro-morphologies of the original
nd eroded surfaces of the alumina-based refractories for the
rosions at 75◦. From Fig. 6(a)–(c), the angular aggregates with
iameters of 2–5 mm can be found in the raw refractory tar-
ets, which is similar to what has been shown in Fig. 5(a)–(c).
hey become rounder after the erosion at room temperature
nd 1200 ◦C as shown in Fig. 6(d)–(i). The binder phases were
roded heavily because of the higher porosity compared with
he aggregates. As can be seen from Fig. 6(d), (e), (g) and
h), the aggregates were exposed after the binder phases were
emoved from HAB and CMB. And the aggregates pull-outs
ccurred in the erosion process as shown in Fig. 6(d). The mate-
ial removal resulted from the fracturing and chipping of the
inder phase and aggregates, as well as the aggregates pull-
uts, which is very similar to the erosion mechanism28,29 for
ermets, for example, WC-Co/Cr, Because refractories and cer-
ets are both composed of hard aggregates/particles and soft

inder phases.
The binder phase of CCB exhibits higher hardness and bet-

er erosion resistance compared with HAB and CMB, which is
upported by the values listed in Table 1 and the shallower ero-

ion craters shown in Fig. 6(f) and (i). Few exposed aggregates
an be found in the eroded surface of CMB, due to the pro-
ection of binder phase. So it is essential for the refractories to

a
i
r

aggregate located at the bottom of erosion pit.

ave a hard and strong binder phase for achieving good erosion
esistance.

In order to understand the microstructure of the three alumina
ased refractories, SEM observation was carried out on their
olished surfaces. The typical images are shown in Fig. 7. As
an be seen, the most of aggregates are angular and more than
.5 mm in diameter. The binder phase is quite porous, which is
ot beneficial to the erosion wear resistance of the refractories.
oth the aggregate and binder phase of HAB have much higher
orosity compared with CMB and CCB, which supports that
AB shows poorer erosion resistance.
Fig. 8 shows the overview and enlarged photo of eroded

ggregates and binder phases in CMB and CCB. As can be seen,
he corundum and chrome corundum aggregates have rounder
urfaces compared with the un-eroded angular ones. It should be
entioned that the softer binder phases are eroded more heav-

ly compared with the aggregates as shown in Fig. 8(a) and (c),
hich is similar to what has been shown in Fig. 6. Enlarged SEM
hotos of eroded surface are shown in Fig. 8(b) and (d). Some
mall chips and micro-cracks can be found. The binder phase
nd aggregate in the top surface cracks and fractures due to the
mpact of the erodent particles. Then the material is removed
s chips. It is proposed that brittle erosion mechanism is dom-
nant for the material removal of refractories eroded at room
emperature.

Refractories consisting of coarse aggregate and binder phase
re brittle materials. So the brittle erosion mechanism should
ominate the material removal. As reported by Evans et al.12

nd Lawn et al.30, radial and lateral cracks occur when the brit-
le materials are eroded by hard particles. The former decreases
he strength of the target, yet the latter leads to the material
emoval. In a similar way, cracks generate and propagate in the
inder phase and aggregate for refractories impacted by ero-
ent particles. After that, big erosion pits occur in the binder
hase and some aggregates are dislodged, as shown in Fig. 9. It
hould be mentioned that cracks could also occur in the subsur-
ace due to the accumulated impact stress and energy of the
rodent particles, which has a significant contribution to the
islocation of millimetre-sized aggregates. Fig. 9 displays the
aterial removal process for the refractories, which was further

onfirmed by the cross-sectional observation of the damaged

rea. SEM images in Fig. 10 show that cracking has occurred
n the aggregates, indicating brittle erosion does occur in those
efractories.
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. Conclusions

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