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Abstract This paper investigated the corrosion behavior
of refractory materials that were produced by incorpo-
rating hercynite (FeAl,0O4, H) at different ratios into
MgO-MgAl,0,4 (spinel, S). Meanwhile, the values of
density and open porosity of those samples were also
measured. The corrosion resistance of those composite
refractory materials was determined by measuring the
penetration distances and spreading areas. The influence
of corrosion resistance based on the microstructural
changes occurred as a result of solubility of constituents
in the interface of clinker-refractory for different regions
was examined by using SEM. The incorporation of
FeAl,O4 into MgO-MgAl,0O, decreased the porosity of
composite refractory materials and also reduced the pen-
etration distances and spreading area values of the cor-
roded regions of refractories, leading to improvement on
the corrosion resistance. The optimum amounts of con-
stituents incorporated into new composite refractory ma-
terials used for obtaining longer service life in industrial
applications were determined.
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Introduction

The chrome-free bricks have taken the place instead of
magnesia-chrome brick used in the sintering zone of the
cement rotary kiln with the increase of cement technol-
ogy development and the importance of environmental
protection. Cr (VI) has been associated with allergic
skin ulceration and carcinomas in humans, diffuses from
refractory into the cement clinker, and increases the risk
of toxic reactions during processing of cement. In this
sense, the research efforts, in general, are on the devel-
opment of magnesia-spinel (MgO-MgAl,0,4), dolomite,
and magnesia-zirconia bricks [1].

MgO-spinel bricks are widely used at transition regions of
the cement rotary kilns due to their wear resistance and ther-
mal shock resistance. MgO-spinel bricks have also sufficient
corrosion resistance and high thermal conductivity [2].

In recent years, as an alternative to MgO-chrome brick, the
production of MgO-hercynite bricks is also accelerating like
MgO-spinel. In general, hercynite production commercially is
carried out by solid-state reaction of oxides at high tempera-
tures and prolonged period (such as 16 h) under a relatively
low oxygen pressure controlled atmosphere [3].

New research has shown that magnesia-hercynite bricks
show superior performance in terms of coating and flexibility
features [2]. Fe,O5 and Al,Os3, take place as a component of
Ca0-Al,03-Fe,05 system, such as C4AF and C,F, enhance
the coatability of cement materials. The better the stability of
the coating is obtained due to diffusion of Fe,Oj3 in the reac-
tion zone. Based on the cement clinker resistance test carried
out at 1500 °C, magnesia-chrome brick is severely affected by
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clinker, but magnesia and magnesia-spinel-hercynite bricks
displayed higher corrosion resistance [4].

Corrosion can be considered as the debonding and subse-
quent physical fragmentation of the refractory, due to destruc-
tion of the bond liquid glass, together with the chemical dis-
solution of all phases [5].

In this study, the corrosion resistance and therefore the
service life of bricks are intended to increase by combining
the advantages of MgAl,O,4 and FeAl,O,4 and determining the
optimum chemical composition with the addition of hercynite
at different ratios to MgO-spinel.

Methods and procedures

Recipes were prepared by incorporating with 5, 10, and 20%
hercynite (H) to the compositions obtained by additions of 5,
10, and 20% MgAl,O, spinel (S) by weight to MgO (M). Raw
materials were weighed according to recipes; binder solutions
as 1% by weight of MgSO, and 1% totanin (93% MgO and
AlL,O3, Fe,03, Si0,, CaO) were added and were prepared,
blended by stirring for 10 min. The press pressures applied
for cylindrical and square-shaped specimens were therefore
~175 and ~35 MPa, respectively. The sintering temperature
of all samples was ~1600 °C, and dwelling time at maximum
temperature was about >10 h. Three parts were cut for each
material prepared in different compositions; these pieces were
boiled in the water for 2 h and cooled to room temperature.
Thus, removal of the air in pores and pores filled with water
was provided. Then, density and open porosity values were
determined by Archimedes principles.

According to standards, corrosion tests were performed in
two ways in order to determine the interaction of the cement
clinker with MgO-based composite refractory materials that
contain different additive components in different proportions:

1. In the first one, samples were prepared
50 mm x 50 mm X 50 mm square prism form; the hole (di-
ameter ~18 mm, depth ~20 mm) was drilled on top of them.
Then, 8-g (D190 < 63 wm) cement clinker/slag was put into
those holes; static corrosion tests were performed in the fur-
nace (Nabertherm HT16/18) using 10 °C/min of heating and
cooling rates where the dwelling time was 72 h at 1500 °C.

The refractory samples had been cut into half by a
diamond disc 1.5-mm thick in order to examine the
cross-sectional area where clinker penetrated into refrac-
tory. The dimensions of the corroded area: penetration
distance “i” (the length of clinker infiltrating into refrac-
tories), depth of hole “d,” and width “w” values, were
identified sensitively by measuring with a “digital mea-
suring microscope” (Mahr GmbH, Model: WMS) (Fig. 1).

Samples were cut to size for coarse and fine polishing, and
then cold molded by resin. The surfaces were manually
polished nearly 2 min by 320-, 800-, and 1200-grit
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Fig. 1 The measured dimensions of corroded area at the clinker-refractory
interface: i is the penetration distance, d is the depth and w is the width

sandpapers. Then, the polishing process was carried out nearly
15 min in Struers automatic polishing machine by using Piano
220, Largo, Dac, and Nap polishing discs.

Those samples were coated with gold-palladium alloy
for 30 s. Then, in the corroded areas of refractory mate-
rials, clinker-refractory interface, microstructural changes
were examined in detail by backscattered electron imag-
ing in a scanning electron microscope (Zeiss sympathetic
Evo 50) by 20-kV voltage in the regions including the
following: (i) region where clinker started to penetrate
into refractories (close to clinker: zone 1), (ii) the middle
region between the clinker and refractory (zone 2), and
(iii) the region where clinker penetration into refractories
was finished (close to refractory: zone 3).

Resolutions of the different components in the clinker-
refractory interface were evaluated by scanning electron micros-
copy with energy-dispersive X-ray analysis (SEM-EDX) of dif-
ferent regions. The influence of microstructural changes, which
might occur with the resolution of the different components in
the clinker-refractory interface, affecting the corrosion resistance
was investigated.

2. Secondly, refractory materials in the form of a 10 x 10-cm’
square were prepared. Four grams (Do < 63 pum) cement
clinkers were placed at the center of sample surfaces in order to
determine the amount of cement clinker spreading on the
refractory surfaces. Then, the static corrosion tests were conducted
at 1500 °C for 72 h with 10 °C/min heating and cooling rates.
Spreading area measurements were carried out by the ImagelJ
program [6]. Spreading/wetting areas created on refractory
materials by cement clinker were identified and examined in
terms of corrosion resistance.

The chemical compositions of the cement clinker used
in this study obtained by XRF chemical analysis are given
in Table 1.
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Table 1 Chemical

compositions of cement Chemical compositions Percent

clinker (wt. %)
K0 1.02
MgO 1.23
CaO 68.97
ALOs 5.50
SiO, 20.20
Fe,05 3.08
Total 100.00
Loss on ignition 1.90

Fig. 2 Corroded refractory containing a) MgO, b) M-%10S, and ¢) M-%

5S-%5H that were prepared in square-prism form (scale 1 mm—the size of

the smallest squares)

Results and discussion

Corroded model samples are given in Fig. 2. It showed that the
amount of penetration of cement clinker into refractory de-
creased with the addition of both spinel to MgO and the addi-
tion of hercynite to MgO-spinel.

Density and open porosity results of MgO-spinel (M-S)
and MgO-spinel-hercynite (M-S-H) composite materials pro-
duced by adding additives in varying ratios are given in Fig. 3.

Density values in all materials produced increased while
the open porosity values of them decreased. In general,
MgO-spinel-hercynite composites have higher density and
lower open porosity values than MgO-spinel materials. In
addition, density values also decreased as the amount of addi-
tives increased. The highest density value was achieved in
M-5%S-5%H material (Fig. 3).

The changes in penetration distance, depth and width values
of clinker depending on the amount of additives in regions
where the refractory materials were corroded are shown in
Fig. 4. M-5%S-H, M-10%S-5%H, and M-10%S-20%H
composite materials show in general lower penetration dis-
tances than M-S refractories.
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Fig.3 a) Density and b) open porosity values of composite materials as
a function of additives
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Furthermore, penetration of clinker into the refractory took
place at the minimum level in M-5%S-5%H refractory that
has the highest density and the lowest porosity, where the
improvement achieved was approximately 13% compared to
M-5%S material. In general, as porosity decreased, the pene-
tration distances of clinker into the refractory were also de-
creased. The decrease in porosity with increasing density as a
result of filling pores with additives led to increase in
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Fig. 4 a) Penetration, b) depth, and ¢) the width distance values of
clinker as a function of additives
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corrosion resistance, and therefore it is concluded that porosity

is an important parameter affecting corrosion resistance.
Depth and width values of holes filled with clinker where

drilled on the top of the corroded composite refractories that
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Fig. 5 a) Penetration distance, b) depth, and ¢) the width values of

clinker for M-S and M-S-H composite refractory materials as a function
of open porosity
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Fig. 6 a) Backscattered electron
(BSE) image of zone 1 of
corroded M-5%S-5%H refractory
material (x500). b and c)
Microstructural image and
colorized BSE image of zone 1 of
corroded M-5%S-5%H refractory
material. d—h) The element
distributions of zone 1 of corroded
M-5%S-5%H refractory material
(d Mg. e Al fFe. g Ca. h Si)

(@) TS

Fig. 7 a) BSE image of zone 2 of
corroded M-5%S-5%H refractory
material (x500). b and ¢)
Microstructural image and
colorized BSE image of zone 2 of
corroded M-5%S-5%H refractory
material. d-h) The element
distributions of zone 2 of corroded
M-5%S-5%H refractory material
(d Mg. e Al fFe. g Ca. h Si)
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Fig. 8 a) BSE image of zone 3 of
corroded M-5%S-5%H refractory
material (x500). b and ¢)
Microstructural image and
colorized BSE image of zone 3 of
corroded M-5%S-5%H refractory
material. d-h) The element
distributions of zone 3 of corroded
M-5%S-5%H refractory material
(d Mg. e Al. fFe. g Ca. h Si)

produced by adding spinel and hercynite at different ratios are
given respectively in Fig. 4b, c.

In general, smaller depth and width formed in M-5%S-H
and M-10%S-H composite materials than in M-5%S and
M-10%S composite refractories, which means less interaction
between clinker and those materials occurred leading to less
wear and less area loss in the corroded regions. For example,
compared with the M-5%S material, hercynite addition to those
materials substantially increases the corrosion resistance.

It is observed that M-5%S-5%H composition that has the
lowest penetration distance, has also the lowest depth and the

lowest width values. It was concluded that the amount of the
penetration depth and width values authenticate each other.
Penetration, depth, and width values as a function of the
amount of open porosity of clinker-refractory interfaces for
M-S and M-S-H materials are respectively shown in Fig. 5.
In general, as the amount of pores decreased in M-S refrac-
tories produced by addition of hercynite in varying propor-
tions, it was determined that the penetration distance, depth,
and width values on clinker-refractory interface decreased as
well. It is determined that M-5%S-5%H material, which has

Table3 EDX analysis of the zone 2 in the corroded area between

Table 2 EDX analysis of the zone 1 in the corroded area close to the the clinker and refractory in MgO-5%spinel-5%hercynite refractory
clinker in MgO-5%spinel-5%hercynite refractory material material

Element Percent Compound Percent Element Percent Compound Percent
Mg 45.20 MgO 73.63 Mg 45.20 MgO 74.95
Al 5.96 ALOs 11.27 Al 7.08 AL O3 13.38
Si 1.34 SiO, 2.86 Si 0.96 SiO, 2.06
Ca 3.73 CaO 6.02 Ca 3.11 CaO 435
Fe 435 Fe,05 6.22 Fe 3.68 Fe,05 5.26
(0) 39.42 (0] 0.00 (0) 39.97 (0) 0.00
Total 100.00 100.00 Total 100.00 100.00
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Table 4 EDX analysis of the zone 3 in the corroded area close to the
refractory in MgO-5%spinel-5%hercynite refractory material

Element Percent Compound Percent
Mg 45.16 MgO 74.88
Al 7.01 AlLO; 15.02
Si 0.71 SiO, 1.52
Ca 2.30 CaO 3.22
Fe 435 Fe 05 5.36
(o) 40.48 (o) 0.00
Total 100.00 100.00

the highest density and the lowest amount of open porosity,
has minimum clinker penetration distance.

The microstructural characterization and EDX analysis
with a scanning electron microscope (SEM) of M-S-H mate-
rials were carried out to search effective parameters on the
corrosion behaviors of them.

Microstructural images and also available element distribu-
tions of corroded square prism-formed MgO-5%spinel-
5%hercynite composite refractory material are given in
Figs. 6, 7, and 8, and the EDX analysis results are given in
Tables 2, 3, and 4.

When the microstructural changes were examined, pores
were identified within the grains and at grain boundaries.
Gray-color spinel and lighter gray-color hercynite particles
with various sizes were present on the surface of coarse
MgO grains with dark gray color and at grain boundaries.
Clinker penetration located intensively at grain boundaries
and also at MgO grains of ternary compositions. It was ob-
served that the cement clinker penetration into MgO particles
is more pronounced where the penetration started, and de-
creased closer to refractory region (Figs. 6 and 7). MgO grains
are relatively smaller due to cement clinker dissolution in the
grain predominantly and white area contained clinker and dis-
solution of larger areas was more intensively observed. Small
particle size can speed the process, the liquid-phase penetra-
tion, and the corrosion (Figs. 6 and 7).

Cement clinker used in this test forms the liquid phase at
1500 °C. The liquid phase filled the open pores and grain bound-
aries and caused abrasion. Hercynite and spinel grains also acted
as a barrier for avoiding/reducing penetration even though there
were small MgO grains observed, as seen in Fig. 8.

EDX analysis results in Tables 2, 3, and 4 showed that the
amount of CaO decreased from the interaction region where
corrosion began to the refractory region where penetration
finished. As a result, penetration decreases significantly while
approaching to refractory from clinker. Microstructural char-
acterization and EDX analysis results confirmed with (i) the

penetration distance values of the cement clinker and mea-
sured (ii) depth and (iii) width values of holes.

In addition, corrosion tests were also applied to 10 x 10-cm®
samples, clinker spreading areas were determined, and the sam-
ple specimens are given in Fig. 9.

(©
Fig. 9 Corroded refractory materials: a) MgO, b) M-10%S, and ¢)
M-5%S-5%H prepared in square form (scale | mm—total length 10 cm)
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Fig. 10 Spreading areas of clinker on the surfaces of refractories as a
function of a) the amount of additives and b) the amount of open porosity

The spreading area values of clinker on the surface of M-S
and M-S-H materials as a function of the amount of additives
and the amount of porosities are given in Fig. 10.

In general, M-S-H materials produced by 5 and 20%
hercynite addition into M-S materials including 5%S and
10%S have smaller spreading area than MS materials; other
M-S-H materials have bigger spreading area than M-
S materials.
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In general, spreading area decreased while the amount of
open porosities decreased. M-5%S-5%H material has also the
smallest spreading area, and improvement was achieved ap-
proximately 2.5 times compared to M-5%S material. It was
determined that porosity is an important parameter affecting
the corrosion resistance.

Conclusions

M-5%S-5%H material has the highest density, the lowest po-
rosity, the smallest penetration distance, depth, and width
values, and the smallest spreading area. The decrease in poros-
ity with increasing density as a result of filling pores with
additives led to increase in corrosion resistance, and therefore
it is concluded that porosity is an important parameter affecting
corrosion resistance. Small particle size can speed the process,
the liquid-phase penetration, and the corrosion. Hercynite and
spinel grains also acted as a barrier for avoiding/reducing pen-
etration even though there were small MgO grains observed.
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