sl IFE 5] 2014 Nob7 #&kRi

SHINAGAWA
TECHNICAL
REPORT

XV bbu—%Y—F) AT
a—5 4 VI ERBTEOWUR

Improved Coating Adhesion Test Method for

Rotary Cement Kilns
B R

b S o

Koichi IcaBo

Kazuhiro INoUE

A T S /S
Masahiro Koca
— % Mo B

Masanori Ocata

6o Ml ¥ 3k

<€ &)V IS5H -tk a4t

SHINAGAWA REFRACTORIES CO.,LTD.



Vol. 57 2014

Ay A=Y —F N U —TF 4 v I E

Shinagawa Technical Report

BRI IR DY R

Improved Coating Adhesion Test Method for Rotary Cement Kilns

pEE & - W " R R
Koichi IcaBo Masahiro Koga
H B = N = T

Kazuhiro INOUE

3
AP =F) =X N TEI=T 1 ¥ TBOREAM AP O IR E <

Masanori OGATA

=
=]

ISR
o

5. RE

Fl 2 AT IS - BRI REZ [lER N 7 AR ARBEE L HWCa—7 1 v /AR B EITo 72
R FIF LM EHREBEHTE L, 7 A Y T - AERNVENADPFOZE R IIVEM Tt
AV MG ERIS LT ZE LR T L, COMER, a—7 4 Y 7 OfFEZRET 5, Ll
FIL F CAERVOGRIZT TR LAY N7 ) ¥ —OEFERIC X > TRAE K ESEE &

%BE, NADRDERPEL %,

Abstract

In rotary cement Kilns, the performance of refractory bricks depends largely on the formation

of a cement coating on the hot face. A coating adhesion test was conducted by using a rotary slag
testing apparatus with an automatic slag feeder and drainer. As a result, the coated specimens
with a similar texture to actually used bricks were experimentally reproduced. Microstructure
observation revealed that spinel grains of magnesia-spinel brick easily react with cement clinkers
to form liquid phase, which infiltrates into the brick matrix to enhance coating adhesion through
an anchor effect. However, infiltration of excess amount of liquid phase, derived from not only the
spinel decomposition but also partial melting of cement clinker, can cause brick erosion at high

temperature.
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1. Introduction

In rotary cement kilns, performance of refrac-
tory bricks depends largely on the formation of
a cement coating on the hot face of the bricks.
This is because the coating reduces the thermal
load on the bricks, and because the coating sup-
presses the erosion of the bricks or infiltration
of foreign materials into the bricks. Recently,
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various kinds of industrial wastes (waste plas-
tics, waste tires, sludge, etc.) are utilized as fuel
or raw material in the cement kilns. As a result,
coating adhesion becomes unstable, and detach-
ment of the coating causes both the peeling-off
of the refractory hot face adhering to it and
thermal-load wear of the peeled hot face.
There have been many experimental studies
on the effects of refractory materials on coating
adhesion”?. However, most of the studies focus
on adhesion strength, and the adhesion mecha-
nism is poorly understood. We improved the
coating test by using a rotary slag testing appa-
ratus equipped with an automatic slag feeder
and drainer, and investigated the reaction zone
texture between the coating and refractory?.

2. Test Method

2. 1 Outline of apparatus

We improved the coating test method to
simulate the burning condition of cement
clinkers in rotary kilns as closely as possible.
In cement kilns, the maximum temperature is
about 1500C, and cement clinkers are burned
under not molten, but semi-molten conditions.

Fig. 1 shows the rotary drum apparatus
used for the slag corrosion test. This apparatus
resembles cement kilns in view of the rotary
furnace. In the case of general slag-corrosion
test, molten slag can be drained from the drum
through a drain hole. However, when cement
is used as a reactant instead of slag, it can not
be drained from the drum because of its semi-
molten condition. During the test, the drum
continues to rotate keeping the same reactant
in it. In this case, a semi-molten mixture is
formed by the reaction between the reactant
and refractory, and the mixture continues to
tumble within the drum. As a result, the hot
face of the refractory is eroded, and at the
same time, coating of the semi-molten mixture
is formed partly on the hot face (Fig. 2). Such
tested specimens are slightly different from the
bricks used in the cement kiln in view of reac-
tion process and composition of the coating.

In this study, we used a rotary slag testing
apparatus equipped with an automatic slag
feeder and drainer. Fig. 3 shows an outline
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Fig. 2 Cut section of magnesia-spinel bricks
after conventional cement-clinker erosion
testing.
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Fig. 3 Rotary slag testing apparatus equipped
with an automatic slag feeder and
drainer.

of the apparatus”. By using this apparatus, a
reactant can be automatically supplied from the
feeder to the inlet of the rotating drum. The
drum is heated by oxygen-propane burner from
the inlet side. The reactant gradually moves
toward the outlet, and the heated reactant (or
molten slag) is naturally discharged.

2. 2 Testing conditions

First, we examined the drum operating condi-
tions so that the fed reactant could remain in the
drum for a while and be gradually discharged
of the drum. As a result, the drum was inclined
3 degree from the horizontal and rotated at 4.5
rpm. A reactant was fed in the drum at about
30g every 2.5 minutes automatically.

As a reactant, instead of the final product
(Portland cement) a mixture of raw materials
(e.g. lime, clays) was used. The reason for this is
that the mixture of raw materials more easily
forms the coating than cement from our past
experience. The raw materials were mixed
to adjust the chemical composition shown in
Table 1, and calcined at 1000C for 3 hours
in an electric furnace before the testing. This
chemical composition is based on standard
Portland cement, but the amount of alkali-sul-
fate and chloride were increased taking recent
industrial-waste treatment in the cement kilns
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into consideration.

The coating tests were performed at both
1500C and 1200C. The 1500C test, near the
highest temperature of the burning zone, was
performed for 4 hours a day for 2 days (total
8hours) to form a sufficiently thick coating.
Although the actual test was controlled at
temperatures from 1500 to 1600C, reactant
was discharged from the drum in a semi-mol-
ten condition. In the case of the 1200TC test,
corresponding to temperature of the transition
zone, the testing time was limited to 4 hours in
order to observe the early stage of the coating
formation.

2. 3 Specimens

Both a magnesia-chrome brick for the burn-
ing zone and a magnesia-spinel brick for the
transition zone were used for the coating test.
In addition, a high-purity magnesia brick was
used for comparison although it is not used in
the current cement kilns. The chemical compo-
sitions of these bricks are shown in Table 2.

In order to examine reproducibility of the
coating formation, three or four specimens of
the same brick were lined in the same drum for
the test. In both the 1500C and 1200T tests,
the characteristics of the tested specimens were
similar among the same refractory material®.

Table 1 Chemical composition of reactant

CaO

SiO:

Al:Os Fe.0s K:0+S0O:+Cl

mass%

62

20

5.5 2.5 10

Table 2 Bulk compositions of original brick and slag-infiltrated layer after 1500°C testing

Magnesia brick Magnesia-spinel brick Magnesia-chrome brick
Original brick Slag—linﬂltrated Original brick Slag-infiltrated Original brick Slag-infiltrated
ayer layer layer
(mass%)

SiO. 0.16 2.07 0.33 1.53 1.64 2.09
AlOs 0.17 2.23 16.47 19.30 5.57 7.12
Fe.0s 0.11 0.53 0.14 0.78 5.38 5.37
Ca0 0.92 6.59 0.78 6.21 0.91 6.25
MgO 98.12 87.80 81.77 71.72 75.94 68.57
Cr:0s 0.00 0.50 0.00 0.19 12.22 11.69




Vol. 57 2014

Shinagawa Technical Report
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Magnesia-spinel brick

Magnesia-chrome brick

Sample surface and cut section

Fig. 4 Appearance of samples after coating adherence test at 1500°C.
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3. 1500°C Testing Results

3. 1 Appearance and microscopic
observation

Fig. 4 shows the appearance and cut sections
of the specimens after the 1500C test. A coat-
ing was formed on all the bricks. The coating
condition was changed from the inlet side (top
side of photos) to the outlet side (bottom). In the
case of the magnesia-spinel brick, thickness of
the specimen was decreased on the outlet side,
suggesting erosion at the higher temperature
area exposed to the burner flame. Although
the reactant was discharged without complete
melting, melt infiltration was observed in all the
bricks. The infiltration depth was thickest in the
magnesia brick (max. 25mm), and many cracks
were formed in the infiltration layer. Other
bricks showed about 20mm of the infiltration
layer without cracks.

The bulk chemical compositions of the infil-
trated layer are shown in Table 2. Compared
with the original compositions, CaO, Al:O; and
Si0O; content increased in the infiltration layer.

Fig. 5 shows the microscopic observation
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Fig. 5 Micrographs of hot face after coating adherence test at 1500°C.
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of the hot face at the center of the specimens.
The brick texture composed of coarse grains
and matrix was kept original state as a whole.
However, the matrix was infiltrated by the low-
melting-point materials, and the coarse grains
near the hot face reacted with it. In particular,
the spinel grains of the magnesia-spinel brick
were wholly decomposed by the reaction and
turned into a skeletal shape with cavities.
3. 2 EPMA analysis

Fig. 6 shows an EPMA observation on the
interface between the coating and refractory
hot face for the magnesia-spinel brick. The
upper part of each image is the coating, and
lower part is the matrix of the brick. The coat-
ing layer is cohered to the brick matrix without
a gap. In the electron image, the low-brightness
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Magnesia-spinel brick

Fig. 6 Elemental distribution at hot face of magnesia-spinel brick with cement

coating after 1500°C testing.
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round-shaped phases, mainly distributed in the
matrix, are periclase (MgQO) crystals. It is note-
worthy that some periclase crystals are con-
tained in the coating although the reactant does
not contain MgO. Distribution of these periclase
crystals suggests that they were incorporated
into the coating from the hot face.

The coating consists of calcium silicates and
the interstitial calcium aluminates with Fe.O:.
As a whole, the melt infiltrated into the brick
matrix resembled the coating materials. For
example, the Al:O; and Fe.O; contents of the
infiltrated melt are at the same level as those of
the interstitial phases in the coating. Also, the
CaO and SiO. contents of the infiltrated melt
are at the same levels as those of the calcium
silicate in the coating.

The results of EPMA spot analysis were
complicated and showed considerable variation
at each analyzed point®. Although the calcium
silicates in the coating showed complicated
compositions with many impurities, they are
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Fig. 7 Appearance of samples after 1200°C testing.
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basically estimated as C.S (2Ca0-Si0O,), C,S
(3Ca0-Si0,) and CS (Ca0-Si0Oy). The interstitial
calcium aluminate also showed complicated
compositions including some amount of Fe.Os,
Si0; and MgO. Despite the compositional varia-
tions, all the interstitial phases have an obviously
high amount of CaO and some amount of SiO.
as compared with C,AF (4CaO-AlLO; Fe,0;)
which is known as a typical low melting-point
phase of cement clinker. This suggests that the
interstitial phases were liquid phase during
the test and crystallized during cooling to the
multiple phases of C,AF and calcium silicates.

4. 1200°C Test Results

Fig. 7 shows the appearance of the tested
specimens. A small amount of the coating was
observed on the hot face of all the bricks. Pol-
ished pieces for microscopic observation were
taken from the circled area of the hot face in
Fig. 7. The coating was about 1mm in thickness
and adhered poorly to the hot face on all the
bricks.

Microscopic photos and EPMA images of
the hot face are shown in Fig. 8. Although
no conspicuous change was observed for
the brick texture under microscope, EPMA
analysis revealed the reaction texture between
the coating and refractory. In the case of the
magnesia-spinel brick, particularly, upper part
of the spinel grain was decomposed by the adja-
cent coating. As shown in left image in Fig. 9,
decomposed spinel grain consists of rounded
crystals of periclase (20-50mm) and low-melt-
ing phase of calcium aluminates. Nishio et al”
conducted a heating experiment of spinel grains
placed within CaO powder, and they reported
that spinel is decomposed to form periclase and
calcium aluminates by the reaction with CaO.
This experimental result resembles the decom-
posed spinel grains in the 1200T test.

Table 3 shows representative results of EPMA
spot analysis for the magnesia-spinel brick. The
number of analyzed points corresponds to those
in Fig. 9. The coating consists of calcium silicate
(#5) and the interstitial calcium aluminate (#3).
The calcium aluminate contains a small amount
of MgO and SiO. but does not contain Fe.O;.
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Magnesia brick

Magnesia-spinel brick

Magnesia-chrome brick

Fig. 8 Micrographs (left) and EPMA images (right) of hot face after 1200°C testing.

Boundary between cement coating (upper) and

Decomposed spinel grain periclase of the brick matrix (lower)

— 10pm
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Fig. 9 EPMA observation of hot face of magnesia-spinel brick after 1200°C testing.
(Analyzed points correspond to those in Table 3)
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Table 3 EPMA analyses of reaction layer of
magnesia-spinel brick after 1200°C

testing
Point* 1 1#2 #3 4 #5
(mass%)
CaO - 58.72 56.57 60.46 49.69
MgO 100 3.90 6.41 4.25 -
AlOs - 33.94 33.97 32.70 2.00
SiO, - 3.44 3.06 2.59 49.31

*Measurement points correspond to those in Fig.9.
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This composition is common among the calcium
aluminates formed by spinel decomposition (#2)
and low-melting point phase infiltrated into the
brick matrix (#4).

5. Consideration

5. 1 Coating adhesion texture
Yasuda et al? investigated the coating
adhesion texture of a magnesia-spinel brick
used in the burning zone of the cement Kkiln.
They described the following features for the
texture.
® The coating consists of C.S and the intersti-
tial C,AF.
® The coating well adheres to periclase grains
of the brick. (left photo in Fig. 10)
® Spinel grains of the brick were decomposed
to form a skeletal shape with cavities. (right
photo in Fig. 10)
® Low melting-point phase, consisting of coex-
isting C.S and C4AF, is commonly distributed
in the grain boundaries of both the coating
and the brick hot face.
As for the fourth feature, they pointed out that
such distribution of the liquid phase has “an
anchor effect” that enhances the coating adhe-
sion.
The coating texture formed in the 1500C
test is sufficiently similar to the above features
except for the compositional variation of calcium

Spinel grain

Magnesia grain

Fig. 10 Coating adhesion texture at hot face of
magnesia-spinel brick used in burning
zone of cement kiln.?
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silicate phases, which is thermo-chemically
non-equilibrated. Compared with actual cement
kiln, the fed reactant retention time is a short
in this test. Hence heating time was probably
insufficient for the reactant raw materials to
come into an equilibrium phase relation. Apart
from the shortage of heating time, the improved
coating test method utilized the rotary slag test
apparatus with automatic slag-feeder was effec-
tive in simulating the coating-formation process
in the cement kilns.

5. 2 Effect of temperature

In the burning process of cement clinkers,
it is considered that the reactions among the
raw materials proceed as solid-state reactions
below about 1300C because liquid phase is
hardly formed in this temperature range”.
Above about 1300, the amount of liquid phase
increases by the melting of the C;A and C,AF
in the clinkers.

Even taking the different testing time into
consideration, the 1500C test showed a marked
reaction between the reactant (cement clinker)
and refractory as compared with the 1200TC test.
The similar marked reaction was also observed
in the additional 1400C test after that. There-
fore it is demonstrated that increased amount
of liquid phase in the cement clinkers markedly
promotes the reaction with refractory bricks.

In the case of the 1200C test, the low
melting-point phase is Ca0O-Al0;-SiO.-MgO
in composition (Table 3). This phase does not
contain Fe;O; which is important for the liquid
formation in cement clinkers, while it contains
MgO which is not included in the reactant. This
means that the low melting-point phase was
formed by the solid-state reaction between the
reactant and spinel in the brick. In this way, the
reactant can contain a small amount of liquid
phase without partial melting of the clinker
itself even below 1300C, and the reactant with
liquid phase comes into contact with all the
bricks during tumbling. The small amount of
the coating formed similarly on all the bricks
was probably caused by this.

5. 3 Infiltrated melt in the 1500C test

In the case of the 1500C test, all the

brick showed a distinct melt-infiltration layer.
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Table 4 Estimated compositions of slag infiltrated into bricks in 1600°C testing

R N Slag infiltrated into Slag infiltrated into Slag infiltrated into
eactant . - . . . . )
magnesia bricks magnesia-spinel bricks | magnesia-chrome bricks
(mass%)

SiO; 22.2 18.3 10.1 6.3

Al:Os 6.1 19.8 39.6 21.b

Fe:0s 2.8 4.1 54 5.3

CaO 68.9 54.8 45.0 55.9
Al:0s/Fe:0s 2.2 4.8 7.4 4.1

*Reactant composition is calculated to 100 mass% except K.O, SOs and Cl.
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Because the reactant did not contain MgO,
the decreased proportion of MgO content in
the infiltration layer can be ascribed to the
infiltrated proportion of the low-melting-point
materials of reactant. From such mass balance,
we estimated the infiltrated melt composition
to be as shown in Table 4. Compared with the
bulk Al:Os/Fe,0O; ratio of the reactant (2. 2), the
melt which infiltrated into the magnesia-spinel
brick has a markedly high Al:O;/Fe,O; ratio
(7. 4).

On the other hand, the liquid phase formed
in the cement clinker is expected to have a
roughly similar Al:Os/Fe,O; ratio to that of the
bulk clinker, because much more of both ALO;
and Fe;O; are contained in the liquid phase
rather than in calcium-silicate solid solutions.
For example, Fukuda et al® conducted the
equilibrium experiments for the CaO-SiO.-
AlO;-Fe;0; system, corresponding to main
components of cement clinker, and determined
the liquid compositions coexisting with C.S. The
experimentally-determined liquid compositions
showed roughly similar AlOs/Fe,O; ratios to
those of the bulk compositions.

Therefore the markedly-high AlLOs/Fe.Os
ratio of the infiltrated melt in the magnesia-
spinel brick suggests that the melt is derived
from not only the liquid phase formed in the
reactant but also the Al:O; component of the
decomposed spinel. As shown in Figs. 5 and 10,
the decomposed spinel grains form a skeletal
shape with cavities. This characteristic texture
seems to be formed by Al:O; migration from the
decomposed spinel into the coating-derived liquid
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phase. Although increase in the AlLOs/Fe.Os
ratio of the melt is also observed to some extent
In magnesia or magnesia-chrome bricks, these
melts are probably similarly-affected in another
specimens by the spinel-derived Al:O; during
the test.

5. 4 Selection of magnesia-spinel bricks for

service conditions

Recently, magnesia-spinel bricks are widely
used from the transition zone to the burning
zone in the cement kilns.

In the 1500TC test corresponding to the burn-
ing zone, the magnesia-spinel brick with 16%
AlO; showed erosion of the hot face at higher
temperature area by a burner flame. Although
the coating adhesion is considered to require the
presence of a liquid phase, an excess amount of
the liquid is naturally expected to cause ero-
sion of the coating and reacted hot face. In the
case of the actual burning zone in the kilns, the
magnesia-spinel bricks with 7-12% AlLO; are
mainly used as “chrome-free” bricks”. Using
this type of brick is an effective measure against
high-temperature operation of the kilns.

In the case of 1200C test corresponding
to the transition zone, the reactant began to
adhere similarly to all the bricks. However,
only the magnesia-spinel brick with 16% AlLOs;
began to be infiltrated by the low melting-point
phase. Hence the anchor effect is expected to
be enhanced as the reaction progresses. There-
fore, in the case of the transition zone where
both adhesion and detachment of the coating
are repeated, using AlO; rich magnesia-spinel
bricks is probably an effective measure for coat-
ing stability improvement.

6. Summary

A coating adhesion test was conducted using a
rotary slag testing apparatus with an automatic
slag feeder and drainer. As a result, coated
specimens with a similar texture to that of
actually used bricks were experimentally repro-
duced. Microstructure observation revealed
that the spinel grains in magnesia-spinel brick
easily react with cement clinker to form liquid
phase, which infiltrates into the brick matrix to
enhance coating adhesion through the anchor
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effect. However, infiltration of excess amount
of liquid phase, derived from not only the
spinel decomposition but also partial melting of
cement clinker, can cause brick erosion at high
temperatures.

Apart from the shortage of heating time
for cement clinkers, the improved coating test
method is useful to simulate the coating-forma-
tion process in rotary cement Kkilns.
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