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Abstract

Selecting the most suitable refractory lining from various types/grades of products provided by different
suppliers for the hazardous waste incineration rotary kiln is not an easy job to reach a 23-month lifetime.
Real-life industrial scale test is time-consuming, i.e., only one or two new products can be tested each
year or every other year. Crucible test is a fast way to give a first assessment to test the adaptability
of a given product to a slag. However, the classic visual observation to determine the slag penetration
zone is usually inconclusive when the materials of the same group are tested and can be sometimes
misleading. In this study, crucible tests were performed for 10 commercial chromia-corundum bricks from
various sources. After examined with detailed analysis with SEM (Scanning Electron Microscopy) and EDS
(Energy Dispersive X-Ray Spectroscopy), highly precise quantitative values of corrosion zones width for
samples are derived. A non-dimensional number, the Wear ratio, is introduced as a quantitative criterion
to characterize the refractory corrosion resistance. By using this Wear ratio, a correlation is found with
the chromia concentration. Quantitative results obtained by this criterion are in line with the real-life
observations of industrial scale tests.
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1. Introduction

Incineration is one of the most common treatment
methods to eliminate a large range of hazardous
and dangerous wastes from industrial and medical
business. The incineration line combining a rotary
kiln and a secondary combustion chamber (also
called post combustion chamber) is the most flexible
incineration design, which can process liquid, solid
and gaseous wastes"”. The chemical composition
of the wastes to be incinerated can contain any
chemical elements found in the periodic table.
There are only some exceptions for radioactive
materials which have to be incinerated within
dedicated facilities”. Due to the varying composition
the profitability of the business relies largely on the
types and gate prices of wastes to be incinerated
and on the availability of the equipment, especially
the rotary kiln. The unavailability of the incineration
line is mostly due to the rotary kiln shutdown, for
most of which, the refractory damage is the first
cause.

Selection and development of suitable refractory
materials that have a lifetime of 23 months (2 years
minus 1 month for bi-annual overhaul) in a rotary
kiln in the hazardous waste incineration business is
a challenging task. Especially for the kilns operating
in ash, slag, and mixed modes with various waste
streams, depending heavily on the local & daily/
weekly fluctuating waste market in emerging
countries, such as China. For the refractory material
selection, the first approach is theoretical. This
approach is based on: phase diagrams, books such
as Slag Atlas, and software like FactSage or Thermal-
Calc. Experimental tests are then used to confirm
the theoretical outputs. These tests are designed to
approach the real-life service chemical and thermal
conditions. Some of the common experimental tests
performed are the crucible test, drip test, rotating
spindle test and rotary furnace test”, of which, the
crucible test is the most commonly used test in this
industry.

Crucible tests are generally accepted to describe,
under laboratory conditions, the corrosion behaviour
of refractory materials”. Corrosion behaviour is e.g.,
described by measuring the dimensions of the visible
infiltrated zone. Although crucible tests have some
disadvantages (no mechanical and/or thermal wear
present, no thermal gradient present) the results are
giving a reasonable direction about the suitability of
the materials for the tested slag/application (when
variations between bricks are significant).

Although crucible tests are very useful to



No.68 2025

Report

T2DEIFRICRETH 2 BIZE, FENTS > NEEEDN
MAYZEFET DHIC, BadHTI71 VoIS
IR OERED R CES NI B LA Z R DOEH
DT7NIF-TOAITNADNADZ T IHFT B &
(FREETHB*) . ARETF, MERHNONANZ S >T
T T BFRH DOEEN R 7 O—FZBNT D, BB,
AFRETIMOIMERIG, 727E£I—Ov/IDLANS
BY A V=D AFLEIJOITSEEDERD T I
XF-JOXITNADTH Do

2. 3DIFEHE5R

2.1 HEt1#: 7 F-70I7hAD
TRMBESE0-9)—F)LEF, SH, BSEEY
DA ICRE—MOICHERINTVDRANS AT ATH
%%, O—9F ) —=FIN T 2T ENBMNYPDIEFE
(F, BEFEBIZEF, FHEORE BERFLZERZTvY
KOEZYDE/RAN, FILOERICKDEY - ERHT 17
VSR BIES), HIRNEE (BIZ(E, RSILABEDEDOGH
WIESNTOGRVERERERYDOERAN), BEEBIZ(E, EfE
2Y), BR(ZINHESSUBRIN, EEYOHERE
{t, HF, HCL, SO. SO:D&LOBEBEMEHR) (CL>TH]
TRRIIND. L<DBE, 2 TDIEBFEOHEASHENF
T 3720 (EICEFNREEAEFEDESIERDBRE
LTORFEICLD)Y, O—FU—FIL>DF1Z2T(E,
T2 F-70IT7NAMNALO-CrO)HEE L <, I
2T/ —BOBRETR 7 ZIIBT 2B FENTH S,
7270 7MY, (EEZNREUNEL, BF
257 ERINUTERCRERMEEYEERT EQN S
Bz, O—9 ) —F )LV BEEPIC—RIICERSNTL
27", gh5, AT7 EMAYOREICEBENTFER S
N, A7 EMNPOBEIERNNS <L), TAHDR
TITNDBENEL 8D, £z, BRRZ7E0703I7&
DERMICEY), RZTHOHDIRI L, AT T OREN
+FRTB. ZNOSDHER, MANADNDIZT DEER
SIRAT B, BETRILE BE, JOIT7IEE=E
mEEERE, MRS 2EEH, MAR—) > 7HEEE
PDRFANZ1ZIHFGBICREFTHEICDVTE L DIAR
MNEENTWD, ZORTTILIF-7OI 7N, 3
TERX, BT STIV—(CL>THRINTERE",

distinguish between different types of refractory
materials® (e.g., corrosion of chromia corundum
pbricks vs andalusite bricks), it is very hard to rank the
bricks within one group of materials (e.g., ranking
several chromia corundum bricks with similar
chemical compositions made of similar types of raw
materials provided different suppliers before placing
the purchase order by the incineration plant**). In
this paper, a novel/quantitative approach of ranking
bricks within a group of materials will be presented.
The group of materials presented in this paper
include chromia corundum bricks from various
sources: different suppliers in Asia and Europe, with
varying chromia content.

2. Crucible Test

2. 1 Materials: a brief introduction on
chromium bricks

A rotary kiln combined with a secondary
combustion chamber is nowadays the most common
used system to treat hazardous waste>”. Refractory
wear in rotary kilns can be caused by thermal shock
(e.g., injection of cold liquid, solid or sludgy waste,
fatigue due to thermaland mechanical cycling caused
by kiln rotation), mechanical shock (e.g., injection of
cold solid waste without being shredded, such as
drums), abrasion (e.g., solid waste) and/or corrosion
(alkali rich molten ash, changing composition of
waste, corrosive gases such as HF, HCl, SO,, SOs).
As most of the times combinations of all types of
wear are present (mainly due to the spalling as a
consequence of combined effects from chemical
infiltration and thermal shock)®, a preferable lining
in a rotary kiln is based on chromia corundum bricks
(ALOs-Cr,0s), especially for the kilns operating
totally or partially in slag mode.

Chromia corundum refractory materials are
commonly used for rotary kiln incinerators because
of their excellent chemical resistance and tendencies
to form stable high temperature compounds when
reacting with molten slag®™. A solid solution may
form at the slag-refractory interface, which slows
down the interactions between the slag and
refractory and slows down the dissolution of the
refractory into the slag. The reaction between the
molten slag and chromia results in an increased
viscosity of the slag, by reducing the iron content
of the slag. Consequently, the infiltration depth of

*AEE, MAMORETOCREY TIIV—ICE>TERY, YRy I AOMESOIMERIFEDLDER D, BETOTRARG—MNICEEL, T LOWE
THHO>TIY RI—H—PEBFHFRPOBLLEMNDH S ZNZTNOFERICEEZSDERET DDRFEFEAERTETH S,
The fabrication process usually varies from one to the other supplier, resulting in different microstructure or mineral structure of the refractory
matrix. Because the fabrication process is generally commercial and technical secret for all the suppliers, it is almost impossible for the end-user/
customer to determine which refractory, among dozens of available similar products in the global market, is suitable or is the best for a given

application.
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Table 1 Material properties chromia corundum bricks
A B C D E F G H [ J

Density / g-cm® | 3.46 | 3.38 | 3.20 | 3.53 | 3.54 | 3.42 | 3.35 | 3.36 | 3.44 | 3.43

Porosity / % 129 | 161 | 14.7 | 125 | 11.5 | 13.0 | 13.0 | 13.4 | 12.4 | 13.5
Cold crushing

strength / MPa | 12 146 121 157 105 11 108 141 17 138

Si0: / % 1.75 | 0.90 | 7.40 | 2.08 | 2.24 | 2.21 | 2.40 | 1.99 | 2.38 | 1.88

ALOs / % 84.08 | 84.57 | 76.58 | 72.77 | 79.44 | 83.42 | 85.99 | 79.54 | 75.58 | 72.25

Fe:0s/ % 0.06 | 0.10 0.28 | 0.18 | 0.07 | 0.1 0.09 | 0.10 | 0.15 0.10

Zr0. / % 3.79 3.92 3.20 | 4.59 | 4.19 3.7 5.29 | 5.50 | 5.33 | 4.40

Cr:0:/ % 9.57 | 10.08 | 11.46 | 19.65 | 12.86 | 9.60 | 4.77 | 11.39 | 14.98 | 19.80

Table 2 Slag composition, main components

Component Slag
SiO2/ % 26.74
AlLOs / % 9.95
Fe:0s/ % 32.55
CaO /% 16.06
Na:=0 / % 2.42
Cr:0s/ % 0.25
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slag into the refractory bricks is reduced”. Influences
of factors such as apparent porosity, density,
chromia concentration, cold crushing strength,
penetration index and spalling resistances on the
lining lifetime have been studied. Improvement
on the refractory formulation have been made by
different suppliers since decades’™. These studies
and real-life incinerator operation experiences
indicate that lower porosity and higher chromia
concentration contribute to prolonging the lifetime
of the refractory lining. For incinerator operation or
plant manager, however, it is not straightforward
which chromia corundum bricks from several similar
products provided by different suppliers should be
selected especially when financial, operation and
maintenance schedule/cost factors come into play.
Therefore, it is necessary to develop some criteria to
help in assessing the brick’s slag corrosion resistance
in a quantitative way from laboratory crucible tests.

The investigated group of materials consists
of 10 commercial refractory bricks (Sample A-J)
originating from various sources and with different
chromia contents. The physical material properties
and the chemical compositions are listed in Table 1.
2. 2 Method

The samples for the crucible test were prepared
by drilling a hole centrically into the top face of the
prick. The borehole has a diameter of 40 mm and
a depth of 35-45 mm (except for sample C which
has a depth of 20 mm due to the limited height of
the supplied brick). Each borehole was filled with
30 grams of slag taken from the output of the ash
extractor of one SUEZ’s hazardous waste incinerator
and covered with a lid that was cut from the same
prick. The chemical composition of the slag is
presented in Table 2.

All samples were simultaneously fired at 1400 C
in a gas fired kiln, with a heating rate of 1 ‘C/min and
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Fig. 1 brick A.

a dwell time of 96 hours at 1400 C. At the end of
the test the samples were free cooled in a closed
kiln.

After firing all samples were cut in half, making
use of a water-cooled cutting machine. The cross
sections were photographed and visually inspected.
2. 3 Images of the test results

The photographs of the cross sections of the
samples are shown in Fig. 1 to 10.

2. 4 Slag infiltration test results

Based on visual observations, the depth of
chemical infiltration was measured for each brick.
The depth of this zone is measured from the top of

Fig. 2 brick B. Fig. 3 brick C.

Fig. 7 brick G.

Fig. 8 brick H. Fig. 9 brick I. Fig. 10 brick J.
Table 3 Depth of chemical infiltration
Al B | C E F| G| H | J

Infiltration depth / mm 3 4 2
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the slag layer to the end of the dark discolored area.
These measured depths are listed in Table 3.

There are slight variations between the infiltration
depths of the different samples. However, it is not
clear, based on the visual observations, whether
these infiltrated zones consist of slag, corroded
brick, or a combination of both, because there are
no distinctive interfaces. Therefore, it is not possible
to draw (based on visual observations of Fig. 1 - 10)
a compelling conclusion on the slag resistance of the
different bricks. This confirms the general experience
in similar research attempts that it is difficult or even
impossible to select the most suitable brick for the
refractory lining, based merely on these inclusive
visual investigation results.

3. Quantitative Assessment Criterion
Development

As becomes clear from Section 2.3, it is difficult
to determine the corrosion resistance of bricks
pased solely on a visual observation of the corroded
area. Therefore, a novel and quantitative approach
for brick ranking is developed. This approach
involves a microchemical and microstructural
study of each brick, making use of SEM (Scanning
Electron Microscopy) and EDS (Energy Dispersive
Spectroscopy) analyses.

3. 1 SEM (Scanning Electron Microscopy)
imaging

Apart from the standard crucible test,
microstructural imaging and (semi) quantitative
chemical micro analysis was performed on each
crucible test sample. The microstructural imaging

Fig. 11 Sampling scheme, A: crucible test, B: polished sample, C: SEM profile.
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was performed by scanning electron microscopy
(JEOL JSM-6490LV) using the software system
JEOL for processing and imaging. The chemical
microanalysis was performed by energy dispersive
X-ray spectroscopy (OXFORD X-Act) employing the
INCA software system. All samples were imaged
using the backscatter electron detector (BSE) in
COMPO mode, employing, a working distance of
10 mm and an acceleration voltage of 15kV.
3. 1. 1 Sampling

Samples for SEM and EDS analysis were taken
from one half of each crucible test. A roughly
1 cm thick slice was cut from the brick (Fig. 11A).
A smaller piece of approximately 3 X 4 mm was
then cut from this slice (Fig. 11B). The cutting was
carried out with water as a coolant. All samples
were grinded and then fine polished with diamond
suspension in several steps up to a finest grainsize of
0.5 ym. The samples were carbon coated to avoid
electric charging. For each sample, a single profile
composed of 8 to 9 separate SEM images was
constructed (Fig. 11C).
3. 1. 2 Results - SEM imaging

The SEM profiles of each crucible test are displayed
in Fig.12. It is observed that all bricks have an
inhomogeneous composition and microstructure.
The bricks consist of larger grains with varying
grain sizes located within a finer matrix of a varying
compositions. In Fig. 12, an example is given of how
the microstructure of the profile can be subdivided
into three separate sections: slag, reaction zone,

Slag

Reaction
zone

Brick

Fig. 12 SEM images of crucible test samples A-J.
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Depth

Site [mm] Na,0  MgOo  ALO,
1.1 0.3 1.76 0.4 24.56
1.2 0.7 1.84 0.59 25.31
13 1.1 1.47 0.48 24.79
1.4 1.6 1.41 0.24 24.89
1.5 2.0 1.6 0.54 23.2

2.1 2.4 1.47 0.73 22.76
2.2 2.7 1.6 0.75 23.49
2.3 31 1.18 0.95 23.24
2.4 3.4 132 0.54 23.62
2.5 3.9 1.37 0.82 23.13
3.1 4.6 0.8 1.55 21.65
3.2 4.9 0.06 272 25.39
33 5.4 0 0 74.75
34 5.9 0.1 0 75.59
35 6.2 0 0 65.99
4.1 6.5 0 0 70.34
4.2 6.8 0 0 68.19
4.3 7.2 0.2 0 77.76
4.4 7.6 0 0 79.92
4.5 8.0 0 0 83.06
5.1 8.5 0.35 0 87.62
5.2 8.9 0.66 0 69.49
53 9.4 0.99 0.26 52.79
5.4 9.9 1.16 0 48.82
55 10.2 1.35 0 50.45
6.1 10.6 0.93 0 56.38
6.2 11.0 0.59 0 55.79
6.3 1.4 1.1 0 59.87
6.4 1.7 0.74 0 64.39
6.5 121 111 0 63.1

7.1 12.7 1.53 0 54.04
7.2 13.2 1 0 61.63
7.3 13.6 0.83 0 63.74
7.4 14.1 0.7 0 69.87
7.5 14.4 0.61 0 716

8.1 14.8 0 0 78.05
8.2 15.2 0 0 84.39
8.3 15.7 0 0 75.69
8.4 16.2 0.54 0 7297
8.5 16.5 0 0 69.54

Fig

sio,
36.66
35.09
36.05
36.14
3166
29.25
2875
28.93
3153
30.69
1537
7.18

2.86

3.27

555

3.72
267
1.94
3.06
256
7.54

11.76
10.97
7.84
6.61
523
4.83
5.67
10.48
793
5.11
3.09
1.78
1.26
0.72
0.86
0.96
0.84

and brick. Note that this subdivision is based on
visual observations of the microstructure in the SEM
profiles.

In each sample, the slag has reacted with the
brick to form a new reaction product. The reaction
product is visible in the image as a brighter layer
between the brick and the slag layer. This includes
the broader bands as well as the smaller bright
clusters. The reaction product is most likely a solid
solution and has a similar composition in each
sample.

3. 1. 3 Conclusion - SEM imaging

Based on SEM imaging, it can be concluded that
all bricks react with the slag in a similar fashion. Only
in brick C, no original slag layer is present anymore.
3. 2 Infiltration - EDS (Energy Dispersive

X-Ray Spectroscopy) analyses

A chemical microanalysis was performed on each
profile using energy dispersive X-ray spectroscopy
(EDS). With EDS, it is possible to measure the

PO, KO ca0  TO, Cro, FeO CuO 70, BaO  Total
236 013 1502 326 0 1115 177 0 293 100
3.1 012 1465 388 0 1125 138 0 279 100
2.89 035 1423 325 0 1265 151 0 234 100
272 022 1483 328 0 1297 076 0 255 100
276 017 1293 238 194 1768 188 0 326 100
1.16 0 1124 241 302 2281 162 154 197 100
1.04 0.1 1228 253 281 19.5 285 202 227 100
223 013 1253 239 326 2028 15 0.98 24 100
1.39 0 1273 227 292 1902 145  1.08 213 100
1.54 0 123 268 292 1867 072 234 283 100
055 0 626 205 957 387 215 135 0 100
0 0 245 082 1466 4436 115 0 1.21 100
0 0 1130 1841 285 0 0 0 100
0 0 125 0 1864 114 0 0 0 100
043 0 2.11 0 2261 177 0 07 084 100
04 0 146 0 1872 273 0 1.36 0 100
071 0 108 0 2536 093 0 0 0 100
0.69 0 098 0 1625 146 0 0 0 100
068 0 072 0 1674 0 0 0 0 100
06 0 092 0 1236 0 0 0 0 100
0.25 0 0.41 0 8.81 0 0 0 0 100
072 0 134 0 13.1 0 0 7.15 0 100
1.22 0 2.1 0 1134 0 0 1829 0 100
095 0 1.61 0 1401 0 0 217 0 100
0.97 0 1.41 0 2082 0 0 1403 0 100
0 0 093 0 2187 0 0 1205 0 100
031 0 103 0 2369 0 0 1197 0 100
0.66 0 079 0 2062 0 0 11720 100
0.88 0 069 0 1951 0 0 8.96 0 100
267 0 04 0 2263 0 0 441 0 100
294 0 1.01 0 1178 0 0 1822 0 100
1.46 0 031 0 1939 0 0 8.28 0 100
2.41 0 059 0 2499 0 0 233 0 100
2.09 0 0 0 2396 0 0 0.29 0 100
118 0 0 0 2392 0 0 091 0 100
063 0 0 0 1919 0 0 0.87 0 100
083 0 0 0 1406 0 0 0 0 100
1.26 0 0 0 2205 0 0 0.14 0 100
1.69 0 0 0 2384 0 0 0.01 0 100
113 0 0 0 2766 0 0.82 0 100

.13 SEM profile and EDS analyses table.

S FNEAEECH I HENTNORERESDNTWV S, BIZET7ILIFHAE < OEREE GHBHEY N v T B L TALOREN G < B2,
Because of the inhomogeneous character of the samples, this will result in fluctuating concentrations of elements. For example, in a large part
of the chosen area consist of a coarse corundum grain, the Al,O; concentration will be higher compared to an area where the matrix is being

measured.
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Fig. 14 Cr.Os / Fe;Os concentration.

chemical composition of small distinct areas in the
sample. The chemical composition of such an area
is an average composition of the surface within the
boundaries of a given area*. Over the entire length
of the profile, EDS analyses were performed on
rectangular areas (Fig. 13). The chemical composition
was determined for each distinct area. The chemical
compositions (calculated by the software into
oxides) are displayed in a single table as shown in
Fig. 13. For each site, the real distance (in mm) of
the center of the site with respect to the top of the
slag is displayed in the same combined table (see
Fig. 13). The distance has been determined using
the scale bar on the SEM images. For each sample
a table like the one displayed in Fig. 13 has been
produced.
3. 3 Quantitative assessment criterion
3. 3. 1T Method - Determination of reaction
zone

In section 3.1, the infiltration depth was determined
by visual observations that the microstructure of
the samples can be subdivided into three separate
sections (slag, reaction zone and brick). In the current
section, such a subdivision is quantified by making
use of the Cr.Os and Fe,O: concentrations measured
by EDS, as Fe:0s is present in the slag (Table 2) but
approaches zero in the bricks (Table 1) whereas
Cr:0s is present in the bricks but approaches zero
in the slag.

For all bricks the Cr.Os concentrations as well as
the Fe.Os concentration was measured from the top
of the slag layer into the sample. These data are
plotted in a graph for each sample separately. An
example of such a graph is given in Fig. 14, where
the sample depth of zero indicates the top of the
slag layer.

Now the subdivision (as shown in Fig. 14) can be
defined as follows:

8 ¥
e Fe °H R*=0.0774
£ +B
E T e | )
ﬁ 6 ‘ .C .T ...... - D
< 5 i
: . o)
£ 4
g 3
2
c 2|
ke
S
©
SN0

O 5 s . 20 25
Cr,0, /%

Fig. 15 Correlation on reaction zone thickness vs
Cr.Os concentration.
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Table 4 Determination of the reaction zone

thickness
Brick Cr;(?;; 0 Fe/z(?ra]; 0 Reac/ti%r;nzone
A 1.3 7.5 6.2
B 1.0 8.0 7.0
C 0.0 5.7 5.7
D 1.6 7.6 6.0
E 1.2 5.6 4.4
F 1.2 8.5 7.3
G 0.6 5.7 5.1
H 1.5 8.9 7.4
| 1.5 7.1 5.6
J 1.5 6.1 4.6

E U7 (Table 4), Table 3&Table 4z b T 5 &, LU
TOZENERIND : NAHNE & JDORIGE (Table 4)
FFELILTWLD, LML, BFERS (Table 3) (FEWLTH
BYEB->TWD. —A, NANFE JDORIGEBIFHE
EZS>TWVWSN (Table 4), BFERE (Table 3) (F (& (&
=0 LEAST, Fig. 1 ~Fig 100DE@EHDAE S
(Table 3TIIEERE) (&, BERRMOKXES (RINEDK
ZTX)ZERLTVBEEIEVEL,

3.3 2 XRSTETHIELE “BRIL”

Table 405, BB Z7EDESE0.0mm (LAHC)
N51.emmNAND)ETREGDZENADHA D, Fig.12
Hho, ZAZTBIES> TLWEVEE MANC)(F, IANT
DAZTHWAIT Ny I RTEBBELTRBL, RIGE
EEHL TV ERHBDTDENTED, L, DEF
HERDPIC AT T DHIEH D THNIF (ERDRETE, F
IWORICAZTEGRNCEASINDS), TRNTOHE TR
BATTBEIAELED, SWRANE, RT77%%<E
ATNE, RTT7EFLNELERL, RIBENKEL< R
Do

IRTCOY > FIDAZTEBDES (R >TWD, 7
D7z, BUIZETHIET 2 &H<, AHORIGEZE
BRI 2 EFARTEETHD. 2T, INTOIEID
RIGBDES %, BELBZATTBOES 1 mmapizt)
[CRIEE . AZTDESZE ITmmICHEIEdE, &
IBBDAEZIEZNICRUTRHIESND. flZIE, AN
ADZZ7BN.EMMTEFELS TmmICHE>25E, R
TBEF1.5EHPT D, LA >T, RINBOESH1.5(E
WP BETTHD. SLRINE, XTTDRNEHND

10

-Slag: the zone, starting at the top of the sample,
where the Cr.Os concentration =0, to the point
where the Cr,Os concentration starts to be > 0

- Brick: the zone where the Fe:Os concentration =0
(and beyond)

-Reaction zone: the zone between the slag layer
and the brick, where both the Cr,Os; and Fe,Os
concentration > 0
Based on these criteria, the dimensions of the

reaction zones can be determined for all bricks.

These dimensions are listed in Table 4.

In Fig. 15, the reaction zone thickness is plotted
versus the chromia content of the bricks. Based on
this figure, no correlation can be found between the
size of the reaction zone and Cr.Os content.

As it was already stated in section 2.3, it is
impossible to rank the bricks solely based on
visual observation of the infiltration depth, because
there are no distinct interfaces between the slag,
reaction zone and brick. In the current section,
these exact interfaces were determined (Table 4).
When comparing Table 3 to Table 4, the following
can be observed: the reaction zones of brick E
and J (Table 4) are similar. However, the infiltration
depths (Table 3) are quite different from each other.
On the other hand, for brick F and J the reaction
zones are quite different (Table 4), but the infiltration
depths (Table 3) are almost equal. Therefore, it can
pbe concluded that the size of the discolored area
(denoted as infiltration depth in Table 3) in Figures 1
to 10 is indeed not representative for the corrosive
reactions (size of the reaction zone) taking place.

3. 3. 2 Wear ratio - Correction for lack of

slag supply

It is observed from Table 4 that the thickness
of the residual slag layer can differ from 0.0 mm
(brick C) to 1.6 mm (brick D). From Fig. 12, it can
be concluded that if no slag layer is left (brick C),
all the slag has infiltrated into the refractory matrix
and reacted to form a reaction zone. If there would
be enough slag supply during the crucible test
(as in actual operation, there is a continuous slag
introduction into the kiln), the residual slag layer
would be larger for all samples. In other words, if
more slag is applied to the sample, the reaction
between the slag and brick increases, resulting in a
bigger reaction zone.

The thicknesses of the slag layers of all the
samples are different. It is therefore impossible to
directly compare the reaction zones of the samples
without scaling them to the same reference. Instead,
the reaction zone thicknesses of all the samples are
scaled to a referential slag thickness of 1 mm. When
adjusting the slag thickness to 1 mm, the size of the
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Table 5 Wear ratio

Brick E;,rgf lt?wl|2§r15eli§ R\?vaig?rw rznorge Wear ratio / -
/ mm
A 1.3 6.2 4.8
B 1.0 7.0 7.0
C 0.0 5.7 +00*6
D 1.6 6.0 3.8
E 1.2 4.4 3.7
F 1.2 7.3 6.1
G 0.6 5.1 8.5
H 1.5 7.4 4.9
I 1.5 5.6 3.7
J 1.5 4.6 3.1

reaction zones will be corrected accordingly. If, for
example, the slag layer of brick A becomes 1 mm
instead of 1,5 mm, the slag layer is reduced by a
factor 1.5. Therefore, the reaction zone thickness
must also be reduced by a factor 1.5. In other
words, if less slag is supplemented, the reaction
zone should also be smaller and vice versa. As a
result, we can obtain a non-dimensional number to
characterize the corrosion severeness of the material
after the test as:
reaction zone thickness
of brick X (mm)

remaining slag layer

thickness of brick x (mm)

Wear ratio of _
brick x (=)

By applying this non-dimensional number, in
addition to the slag affinity, the porosity and
permeability path of each brick are also taken
into account. As slag has more or less abilities to
penetrate into the bricks this will result in a remaining
slag layer thickness more or less important after the
corrosion test.

This non-dimensional number is independent of
sample size and initial slag quantity provided to
the crucible test. It measures the intrinsic corrosion
behaviour of the material, as the famous Reynolds
number (Re) in fluid mechanics measures the
behaviour of the flow as laminar or turbulent in a
pipe'?. By analogy to the Reynolds number, which
is a ratio of inertial forces (to keep fluid moving) to
viscous forces (to keep fluid stationary) within a fluid,
the Wear ratio is a ratio of the abilities to retain the
slag beyond the slag-refractory interface to letting
slag infiltrating into the material. Consequently,
the higher Wear ratio of a given refractory product
means the poorer its corrosion resistance:

-If a crucible test of a refractory product called

“alpha” gives a result of large reaction zone
with a small remaining slag layer thickness or
no remaining slag as in Sample C, it has a high

Wear ratio or infinite Wear ratio for Sample C. This

means that the slag can very easily pass through

the refractory porosity and corrode the material.

This "alpha” product has very poor corrosion

resistance.

-On the contrary, if another product “beta” gives
a test result of small reaction zone with a thick
remaining slag layer, it will result in a low Wear
ratio. It means that this product has an excellent
ability to stop the slag infiltration into the lining
and retain the slag behind the slag-refractory
interface. This “beta” product has a good corrosion

*6 POTEB /2,
Divide by 0.
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Fig. 16 Correlation Wear ratio vs Cr.Os
concentration.
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resistance.

The Wear ratios of all the brick samples are
presented in Table 5.

Contrary to the conclusion that may be made
from Table 3 for Sample C with the lowest slag
infiltration depth, Table5 shows that Sample C
has the highest Wear ratio, therefore the poorest
corrosion resistance *. This is completely in line with
the real-life observation on one SUEZ hazardous
waste incineration plant, where this type of bricks
had a lifetime of less than 12 months (typically 6-9
months). In the worst case, it lasted only 3 months
after a whole kiln refractory refurbishment. In
Fig. 16, the Wear ratio is plotted against the chromia
content.

Based on Fig. 16, it can be concluded that there
is a strong correlation between Wear ratio and
Cr.Os content. Higher chromia concentration has
an enhancing effect on the wear reduction, i.e.,
the higher the chromia concentration, the lower
the Wear ratio. However, this enhancing effect is
not linear. The enhancing effect is decreasing with
respect to the chromia concentration. In other
words: the effect of changing a 5 %-Cr.Os brick to
a 10 %-Cr.Os brick will have a much bigger effect
on reducing the Wear ratio than the change from
a 15 %-Cr.0Os brick to a 20 %-Cr.0Os brick. The use
of even higher Cr.Os concentrations (>25 %) is for
this reason doubtful. This is in correspondence with
real life experiences from different plants: a chromia
content of 15% is the optimum for cost-effective
consideration.

3. 4. SUEZ Rotary kiln refractory lifetime
extending experience

One plant operated by SUEZ carried out a
sequence of industrial scale tests with different
Cr.Os concentrations chromia corundum brick lining
from 2016-2021 provided by Gouda Refractories.
By switching from the 5 %-Cr.Os brick (LP 85-5 CZ)
to a 10 %-Cr,Os brick (LP 85-10 CZ), the lifetime of
the refractory lining of the rotary kiln was extended
from 9 months (July 2012-April 2017) to at least
13 months (June 2017-July2018)*°. From August
2018 to August 2020, 15 %-Cr.Os brick (LP 80-15
CZ) were used instead of 10 %-Cr.Os bricks. The
lifetime of the refractory lining reached 23 months
as targeted for continuous two-year service with
only one month bi-annual overhaul replacement*”.

*7 Table 1 KWCEMDH > FILICHELTZEDSIO Z2ZELTVWB I ENDH,

BEE PREVEARD—DEEX5ND,

Based on Table 1 it can be concluded that brick C, compared to the other bricks, contains a much higher amount of SiO,, which could be one of

the reasons for the higher Wear ratio.

12
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4. Conclusions and Perspectives

Crucible tests were performed on 10 commercial
refractory bricks originating from various sources
and with different chromia contents. The samples
from the crucible test were visually analysed in the
traditional way. Based on these “old-fashion”
observations, no conclusions could be drawn on
the slag resistance of the bricks, because it was not
clear whether the infiltrated zones consisted of slag,
corroded brick or a combination of both.

SEMV/EDS analyses confirmed that the infiltration
zone can be divided into three separate zones:
-Slag
-Reaction zone
- Original brick.

The dimensions of the reaction zone defined by
SEM/EDS analyses are not corresponding with the
dimensions of infiltration zones that were visually
observed. This can be attributed to the absence of
a correction for the lack of slag supply. Therefore,
no correlation between the reaction zone and the
chromia content of the bricks was found. In order
to eliminate the influences of sample dimension and
initial slag supply, a non-dimensional number, the
Wear ratio was introduced. This non-dimensional
number is defined as the ratio between the reaction
zone thickness and the residual slag layer thickness
and it quantitatively characterizes the refractory’s
corrosion resistance. The higher this Wear ratio,
the poorer the refractory’s corrosion resistance and
vice-versa.

For the 10 samples tested, a good correlation
between the Wear ratio and the chromia content
of the bricks was found. Based on the correlation
coefficient of 0.7684, it is concluded that the chromia
content of the bricks is a key factor to improve the
refractory’s corrosion resistance, although other
material properties (e.g., porosity, permeability,
thermal shock resistance) may also play a role in
corrosion resistance of chromia bricks. Industrial
scale tests of bricks with chromia concentration
from 5% to 15% confirmed this correlation. The
use of this non-dimensional number (Wear ratio)

#8Cr0:-10%DZ1 =273 13NWBL A TS 2.

UDU, ZBOERERITBIHICEHICREL TV BETBENA —/N\N—K—LTI13NWBEE®RD2018F7 F

ICRABRTz. Fiz, CrOs-10%NANDREEECr,Os- 5 %NAN B U6 HICHE U TENaDEEYHEAIE A 12000t/FH 5 17000t/F (TR LTV

%o

The 10 %-Cr,Os lining could survive longer than 13 months. But due to the scheduled annual overhaul in every summer to avoid works in the win-
ter, the lining was completely replaced in July 2018 after 13 months of services. It was also noted that during the period using 10 %-Cr,O:; bricks,
the total waste incinerated was increased from 12000 tons/year to 17000 tons/year with a higher sodium concentration, compared to the period

using 5 %-Cr,Os bricks.

*9 20178 6 AH52018%F 8 B -Cr,0:-10%NAN ECr,0-15%NANMER SN T WV IADEEYIFEHEE 17000t/ FTIEEF-ETH 1z,
The annual total waste incinerated was almost constant at 17000 tons/year from June 2017-August 2018 for the both periods using 10 %-Cr,O;

and 15 %-Cr,O; brick.
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as one new quantitative criterion among others,
is a more reliable way to assess the refractory’s
corrosion resistance than using merely classic visual
observation.

In order to further confirm the universality of
current approach to assess the corrosion behaviours
of the refractory against slags, it would be interesting
to carry out some similar and additional tests with
multiple slag compositions and different types of
pbricks implicated in other types of applications.
For example, magnesia bricks with varying
concentrations of chromia could be tested with
different steel slags. In order to avoid the results of
zero remaining slag layer as in Sample C, a synthetic
slag can be produced, so that its composition can
be altered in a more controlled manner to make it
more or less aggressive.

To further confirm the universality of the Wear
ratio to predict the refractory corrosion resistance
by approaching the real industrial process condition
in laboratory, one can additionally run a corrosion
test with a continuous supply of slag (e.g., finger test
or rotary corrosion test) in parallel to the crucible
test presented in this paper. In this case, it can be
verified whether the Wear ratio can be a more
universal criterion to assess refractory resistance to
other damage mechanisms involved in real industrial
applications.
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