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The components in an integrated steel plant are invariably exposed to harsh working environments
involving exposure to high temperatures, corrosive gases, and erosion/wear conditions. One such critical
component in the blast furnace is the tuyere, which is prone to thermal damage by splashing of molten
metal/slag, erosive damage by falling burden material, and corrosion from the ensuing gases. All the
above, collectively or independently, accelerate tuyere failure, which presents a potential explosion
hazard in a blast furnace. Recently, thermal spray coatings have emerged as an effective solution to
mitigate such severe operational challenges. In the present work, five different coatings deposited using
detonation spray and air plasma spray techniques were comprehensively characterized. Performance
evaluation involving thermal cycling, hot corrosion, and erosion tests was also carried out. Based on the
studies, a coating system was suggested for possible tuyere applications and found to yield substantial

improvement in service life during actual field trials.

Keywords blast furnace tuyere, erosion testing, hot corro-
sion, thermal cycling, thermal spray coating

1. Introduction

Production hardware in an integrated steel plant is
always exposed to severe operating environment, which
typically involves a combination of high temperature,
corrosive gases, and erosion/wear conditions (Ref 1).
Such a harsh environment tends to accelerate the rate of
degradation and eventually leads to a decrease in pro-
duct quality, reduction in operating efficiency, invokes
greater maintenance cost, and, more significantly, higher
overall downtime (Ref 2). One such important hardware
is the tuyere used in a blast furnace. Made of copper and
necessarily water cooled (Ref 3), it is essentially used for
injecting hot air (~1100 °C) and pulverized coal into the
furnace. The service life and energy-saving effect of a
tuyere have a direct influence over the operating cost
of the furnace and productivity of the molten metal.
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A tuyere typically operates in severe environments, with
temperatures in the vicinity reaching around 2000 °C
(Ref 4). Although inherently provided with extensive
water cooling, a tuyere is prone to severe thermal dam-
age due to (a) sudden rise in temperature through pre-
mature combustion of pulverized coal within the tuyere
nose and (b) splashing of molten metal and slag on the
tuyere nose. Most of the mechanical damage occurs
through impact of molten slag and falling feedstock
(coke, iron ore, sinter, pellets, etc.) materials. Further
damage is also anticipated from corrosive gases like
sulfur and chlorine that emanate during burning of coal.
Such damage, apart from reducing the efficiency of a
tuyere, increases the possibility of explosion within the
blast furnace due to ingress of cooling water from the
fractured tuyere within the molten metal (Ref 5). Hence,
imparting better protection at the ‘nose’ part of tuyere is
of significant interest to the steel industry (Ref 6).
Thermal spray coating has been explored as a potential
solution to mitigate problems associated with tuyere fail-
ure (Ref 7-13). A three-layered system comprising Ni-Co-
based self-fluxing bond coat, an intermediate cermet layer,
and a top layer of zirconia or alumina by plasma or oxy-
acetylene flame spray was found to provide improved
thermal shock resistance, and an increase in service life of
50% was also claimed (Ref 7). Further, an addition of Mo,
W, and Si elements to the intermediate cermet layer was
claimed to improve the interlayer adhesion of the inter-
mediate cermet layer. A top layer comprising a mixture of
Zirconia-Alumina-Titania and Silica was found to yield a
two- to three-fold increase in service life compared to a
conventional TBC system (Ref 8). However, the systems
proposed in Ref 7 and 8 did not get wide commercial
acceptance due to distortion of copper tuyere at the high
temperature required for self-fluxing of the bond coat as
well as because of spallation problem of the intermediate
cermet layer (Ref 9). Other potential coating solutions
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such as in situ tuyere coating by alumina and chromium
nitride for improved wear resistance (Ref 10), Cu-Al-Fe
aluminized layer formation using diffusion process to in-
crease overall service life of tuyere (Ref 11), and Cu-Al
aluminizing on inner and outer surface of tuyere for im-
proved wear resistance (Ref 12) have also been reported.
Fukubayashi (Ref 9) reported a TBC system using a Co-
based bond coat and zirconia top coat, with an optional
boride or carbide top layer, deposited by detonation spray
coating (DSC) for improved erosion performance of tuy-
ere, while Song et al. (Ref 13) used a three-layered TBC
system with atmospheric plasma-sprayed (APS) Ni bond
coat, high velocity oxy-fuel (HVOF)-sprayed NiCrAl
intermediate layer, and APS ceramic top coat comprising
YSZ and alumina for higher tuyere life. The above efforts
were all focused on a single specific mode of degradation
(e.g., thermal shock or wear) and resulted only in marginal
improvement in service life of tuyere. As discussed earlier,
actual tuyere failure is caused by multiple mechanisms;
hence, there is a clear need for a comprehensive assess-
ment to identify a more robust coating solution to suitably
combat all possible problems associated with tuyere
degradation.

The present manuscript highlights results from an
elaborate exercise undertaken to address the above need.
Two prominent thermal spray variants, namely detona-
tion spray coating (DSC) and atmospheric plasma
spraying (APS), and five different material systems were
identified as prospective candidates for protecting the
tuyeres. The choice of DSC has been dictated by its
ability to yield highly dense and well-adherent coatings,
without any significant in situ thermal damage to the
powder feedstock due to oxidation, phase change, etc.
(Ref 14). APS was also chosen because of its wide
industrial acceptance for deposition of coatings for high
temperature applications (Ref 2). All generated coatings
were comprehensively characterized and also tested for
different forms of degradation typically experienced by a
tuyere in actual operation. Although many different
materials have been individually studied by various
thermal spray techniques in the past, the present study is
unusual in that it undertakes an expansive study to en-
able a comparison of properties of all the chosen coating
materials by both deposition techniques, possibly for the
first time, to identify the most appropriate coating
material-coating process combination to address an
application of significant industry interest. Based on the
ensuing results, the coatings were ranked and the most
promising coating was chosen to be applied on an actual
blast furnace tuyere for field evaluation in a real oper-

Table 1 Process parameters used for DSC coatings

ating environment. The outcome of the field trials is also
discussed herein.

2. Experimental Procedure

2.1 Coating and Substrate Materials

Five candidate coatings, namely Yttria-stabilized Zir-
conia (YSZ), Cr3C,-25NiCr (CrC), YSZ+20% mullite
(M-YSZ), mullite (M), and Al,O3-ZrO, (AZ), were cho-
sen based on their ready commercial availability, potential
to impart suitable protection to the tuyeres as well as
based on cost considerations for eventual implementation
in the plant. The powders used in the present study were
procured from various sources: Yttria-stabilized Zirconia
from Sulzer Metco, USA, Cr;C,-25NiCr from Praxair,
USA, and mullite and Al,O3-ZrO, from Saint Gobain,
USA. In case of YSZ+20 wt.% mullite, the individual
powders were separately weighed and mechanically mixed
in a rotary ball mill for 2 h with a ball to powder ratio
maintained at 1:10. YSZ was specifically mixed with
mullite to improve the thermal cycling life of the coating,
based on previous reports on the composite YSZ + mullite
powder (Ref 15). 99.9% pure copper specimens of size
30 mm x 30 mm x 5 mm were used as substrates. This
was in consideration of the actual tuyere material used in
blast furnace applications.

2.2 Coating Deposition

As previously mentioned, both DSC and APS tech-
niques were used for depositing all the coatings except
YSZ. In view of the difficulty in obtaining practically
relevant deposition rates with high melting point YSZ
powders using DSC, this powder was applied through
plasma spraying alone. In all cases, an identical bond coat
of NiCoCrAlY was applied to a thickness of about 100-
120 um followed by a layer of the candidate coating to a
thickness of 150-180 um. Identical processes were em-
ployed for depositing both bond coat and top coat, i.e.,
either both were DSC sprayed or APS sprayed. The pro-
cess parameters employed for DSC and APS coatings are
indicated in Tables 1 and 2.

2.3 Coating Characterization

The coated specimens were sectioned using a slow
speed Isomet cutting machine, and then mounted and
polished for microscopic analysis. The cross-sectional
microstructural features were observed using a scanning

Powder identification O, flow rate, slph

C;H; flow rate, slph

Spray distance, mm N, powder carrier flow rate, slph

AZ 4960 2000
M 4800 1920
M-YSZ 4800 1920
CrC 2800 2240

NiCoCrAlY (Bond coat) 2720 2240

200 720
170 720
200 720
170 720
165 800
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Table 2 Process parameters used for APS coatings

Y
Powder Primary gas flow rate, scfh Current, A Voltage, V Standoff distance, mm 3
AZ 110 600 62-66 120 oy
M 110 500 60-62 120 2
M-YSZ 110 510 60-62 80 @
YSZ 110 600 65-68 75 s
CrC 90 510 64-68 90 1)
NiCoCrAlY 80 500 62-64 110 Q

electron microscope (Model: S3400N, Hitachi, Japan).
The Vickers microhardness was measured along the cross
section of the coating using a digital microhardness tester
(Model: VMH 104, UHL, Germany) with a load of 200 g.
Porosity measurements on cross sections of coatings were
carried out using image analysis software (analySIS soft-
ware, Olympus GmbH, Germany). Microhardness and
porosity values were measured at 10 locations, and the
average values are reported herein. The phases present in
the coating were identified using x-ray diffraction (XRD)
analyses (Model: D8, Brukers AXS, Germany).

2.4 Evaluation of Erosion Performance of
Coatings

Since erosion is known to be a contributor to tuyere
degradation in actual operation (Ref 5), solid particle
erosion tests were conducted on all coatings to rank their
performance. Erosion testing was performed in dry sand
erosion test rig at room temperature, with angular silica
particles of size 50-150 um impacting the substrates at a
velocity of 40 m/s at angles of 30° and 90°. Feed rate of 2 g
per minute was maintained during the test. After every
5 min of erodent impact, the weight loss was measured
using a precision weighing balance and this was continued
until steady-state values were observed. The measured
weight loss was converted to volume loss using the
appropriate coating density values and further reported in
terms of volume loss per gm of erodent (cc/g). The above
test was repeated on two sets of samples for each type of
coating, and steady-state erosion values are reported
herein.

2.5 Evaluation of Hot Corrosion Performance of
Coatings

Corrosive gases like chlorine and sulfur emitted from
burden material usually cause severe damage to the cop-
per tuyere in service. Recognizing the role of corrosion in
tuyere damage, all coatings were also subjected to corro-
sion testing. For this purpose, 50 wt.% FeCl;+ 50 wt.%
FeSO, salt was applied uniformly over the coating surface
with coverage of 25 mg/cm” (Ref 9). Subsequently, the
specimens were isothermally heated to 850 °C in a furnace
(in air atmosphere) for 40 h and then cooled to room
temperature, maintaining the heating and cooling rates at
3.5 °C/min. After testing, the samples were analyzed
through XRD for determining changes in phase constitu-
tion.
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2.6 Coating Behavior During Thermal Cycling

In actual operation, the tuyere nose often faces
splashing of molten metal/slag, which is at temperature of
about 1550 °C. This splashing of molten material raises
the temperature of the tuyere nose to above 1000 °C (Ref
5), although the metal surface temperature is held at a
significantly lower temperature (500-700 °C) because of
instantaneous cooling due to the elaborate water cooling
arrangement. This periodic increase and decrease in
temperature is also one of the prime reasons for tuyere
failure (Ref 5). Hence, it was deemed important to assess
the behavior of coatings under thermal cycling conditions
involving exposure to such high temperatures. Due to the
obvious limitations in simulating such an environment in
the laboratory by incorporating very efficient cooling in
case of small coated specimens, thermal cycling tests were
carried out with coatings generated over nickel-based su-
per alloy substrates, on account of the limitation of inad-
equately cooled copper substrates to survive at
temperatures as high as 1000 °C. The aim of this test was
to solely assess the damage caused to coatings upon
exposure to such temperature cycling. Six as-coated
specimens generated using DSC and APS techniques were
placed in alumina boats and were subjected to thermal
cycling in a special furnace (Model: 1616, CM Furnaces,
Bloomberg, USA). Each cycle comprised 20 min of
heating to 1000 °C, followed by a 5 min hold, and subse-
quent 5 min cooling using a forced air draft to reach about
300 °C. The test was conducted for a maximum of 1000
cycles.

2.7 Field Testing of Coated Tuyere

After thorough property evaluation of the coating
systems, a qualitative comparison of coatings was done to
select the best coating material—coating process combi-
nation for an actual tuyere application. The coated tuyere
was put in actual blast furnace operation, and its perfor-
mance was evaluated in terms of increase in service life.
The mode of failure for coated tuyere is proposed.

3. Results and Discussion

3.1 Coating Characteristics

3.1.1 Microstructure and Porosity. Figure 1 shows the
cross-sectional micrographs of various detonation- and
plasma-sprayed coatings. As observed in Fig. 1, the
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Fig. 1 Cross-sectional micrographs of (a) DSC-CrC, (b) APS CrC, (c) DSC-AZ, (d) APS-AZ, (¢) DSC-M, (f) APS-M, (g) DSC M-YSZ,
(h) APS M-YSZ, and (i) APS-YSZ coating
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detonation-sprayed coatings showed denser microstruc-
tures than the plasma-sprayed equivalents for each coating
material. The interface between the bond coat and the top
coat also appeared sound in each case, without any cracks
or delamination being visible.

Figure 2 shows the porosity measurements for all
coatings. It was observed that DSC samples exhibited
maximum porosity of 2% in case of AZ, while porosity
values remained approximately 1% for all other coatings.
APS-YSZ reported the highest porosity value of about
6%, followed by AZ, M, CrC, and M-YSZ. The plasma-
sprayed coatings exhibited more than double of porosity
values upon comparison with the detonation-sprayed
coatings, which is typical of both the process.

3.1.2 Phase Constitution. The phase constitution of
the various coatings as determined from XRD analyses is
tabulated in Table 3. The effect of spraying technique is
observed on the phase constitution of coatings. In case of
DSC-M, it is observed that retention of the mullite phase
in coating is difficult as compared to APS route. In DSC-
M, v-Al,O5 was observed as the major phase, while mul-
lite and silica were the minor phases along with the
amorphous nature observed at 25° (Ref 16). The latent
heat, melting and evaporation temperatures of mullite are
low, and hence, the decomposed mullite particles do not

8-

6 I OSC
B APS

Cr3C2-NiCr AI203-Zr02  Mullite  Mulite + YSZ ~ YSZ
Coatings

Fig. 2 Porosity values for DSC- and APS-sprayed coatings

é

get enough time to crystallize in DSC process due to
intensive cooling on the substrate. This results in crystal-
lizing of majority of y-Al,O3 phase in DSC-M, while most
of mullite phase is present in the form of amorphous phase
(Ref 17). Similar observation was made for DSC M-YSZ
coating also. Mullite phase was retained in small amount
compared to APS M-YSZ. DSC and APS CrC coating
shows the presence of same carbide phase constituents,
while the binder material was identified as Crq 1,Nijgg
(Ref 18). Cr;C, phase intensity was reduced in APS
compared to DSC, indicating decarburization of the
coating. In DSC-AZ, the coating shows retention of ¢-
ZrO, along with y-Al,O3 as the major phase, while in
APS-AZ, the coating shows additional presence of m-
ZrO, as minor phase. Due to higher temperature in APS
compared to DSC, there is a higher chance of phase
transformation from tetragonal to monoclinic phase (Ref
17).

3.1.3 Microhardness of Coatings. In general, the
microhardness values are a good indicator of inter-splat
cohesive strength. However, the microhardness values are
usually significantly lower than the corresponding bulk
properties, due to inherent defects like porosity, voids,
unmelted particles, etc., present in typical thermal-sprayed
coatings. Among the various coatings studied, the rela-
tively more porous nature of plasma-sprayed coatings is
confirmed by the results of porosity measurements de-
picted in Fig. 2. This is, in turn, responsible for the re-
duced microhardness values in APS coatings as observed
from Fig. 3.

For example, the CrC coating deposited by DSC ex-
hibits higher hardness compared to the same coating de-
posited by APS, as the porosity is higher in the latter case
as seen in Fig. 2. Higher magnification observation of CrC
coating shows the distributed presence of hard chromium
carbide particles in a NiCr matrix as shown in Fig. 4(a),
while the APS CrC coatings show a lamellar structure with
reduced presence of chromium carbide particles (Fig. 4b).
This could be attributed to decarburization of carbide
particles during high temperature exposure during plasma
spraying as reported in previous studies (Ref 19).

The only exception to the above noted superiority of
DSC microhardness values over those resulting from APS
is the M-YSZ coating for which APS appears to be better
suited than DSC. This is, in fact, consistent with the pre-
viously indicated difficulty of DSC in spraying YSZ be-
cause of the high melting point of the powder feedstock.
As observed in Fig. 5(a) and (b), the relative degree of

Table 3 XRD analyses of coatings by DSC and APS route

Coating Phases present in coating—DSC Phases present in coating—APS

M Major phase-y-Al,O3, Minor phase-mullite and Major phase-mullite, Minor phases-y-Al,O5; and SiO, amorphous nature
SiO,, amorphous nature observed at 25° observed at 25°

M-YSZ Major phase-'-ZrO,, Minor phase-mullite ¢-ZrO, and mullite

CrC Cr;C,, Cry3Cq, CryCs, Nickel, Cry 1,Nij g8 Minor phase-Cr;C,, Major phase-Cr,;Cg, Cr7Cs, Nickel, Cry 15Nip g8

AZ Major phase-y-Al,O3, Minor phase-t'-ZrO, Major phase-y-Al,O3, Minor phases-£'-ZrO, and m-ZrO,

YSZ {-7Zr0,

Journal of Thermal Spray Technology
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Fig. 3 Microhardness values for DSC- and APS-sprayed coat-
ings

melting of APS-sprayed Mullite + YSZ coating was better
than the DSC-sprayed equivalent. Also, pores and un-
melted particles are visible in DSC M-YSZ cross section in
Fig. 5(a).

As shown in Table 3, APS M-YSZ coatings comprise #'-
ZrO, as the major phase along with minor amount of
mullite, while the corresponding DSC sprayed coating is
constituted of 7-ZrO,, with only trace amount of the
mullite phase. Greater extent of melting of the composite
materials during plasma spraying could have resulted in
better inter-splat adhesion yielding higher microhardness
value. Even though significant amount of tetragonal zir-
conia is observed in both coatings, the possibilities of
lesser degree of melting with the YSZ particles during
DSC could have resulted in relatively lower hardness.
Incidentally, the microhardness and porosity values match
those reported for typical APS-YSZ coating (Ref 20).

DSC- and APS-sprayed AZ coatings exhibited highest
hardness among all the coatings. The high hardness can be
attributed to the presence of hard Al,O; phase and further
toughing of the microstructure by the zirconia phase (Ref 21).

Unmelted
particles
and pores

Fig. 5 High magnification cross-sectional images of (a) DSC M-YSZ and (b) APS M-YSZ
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Mullite coating shows the second best hardness value
through DSC route. However, it was lowest in terms of
hardness among all the coatings generated by APS, it is
observed that significant amount of silica is lost during
DSC spraying, and the majority phase retained in the
coating is the y-Al,O3 phase, as shown in Table 3. Also, a
hump was observed around 25° indicating the presence of
an amorphous phase in the detonation-sprayed coating.
The higher hardness observed with DSC mullite can be
attributed to y-Al,O3 and amorphous phases. Interestingly
with the APS route, the coating shows good retainment of
mullite phase, which possibly accounted for relatively
lower hardness values. Similar values as determined in this
study for APS mullite coatings have also been previously
reported and are typical of the presence of mullite phase
alone (Ref 20).

3.2 Erosion Performance of Coatings

The erosion test was performed at various impact an-
gles and at higher impact velocities to assess effectiveness
of the coatings. The test method provides the extent of
material loss due to impact by gas-entrained solid silica
particles at pre-determined angles and velocities. The
erosion wear performance of the DSC and APS coating is
summarized in Fig. 6 and 7.

The data presented above are in terms of volumetric
loss incurred by the coating per gram of erodent impacting
the coated surface. The reported volumetric loss is
meaningful in order to compare materials with different
densities. The density values used for the above studies
were mullite-3.2 g/cc, mullite + YSZ-3.6 g/cc, AlOs-
Zr0,-4.2 g/cc, CrzC,-NiCr-6.9 g/ce, YSZ-5 g/cc as mea-
sured using the widely adopted Archimedes’ method (Ref
22).

From the above results, it is clear that coatings syn-
thesized by the DSC route show much superior erosion
resistance compared to the APS coatings. This is to be
expected in view of the consistently lower porosity and, in
most cases, higher hardness exhibited by the DSC coatings
as previously discussed. In addition to the above, it is also
well documented in the literature as well as in studies
published from the authors’ laboratory that the optimum
particle temperature and higher particle velocity enable
detonation-sprayed coatings to exhibit compressive
residual stresses (Ref 14, 23). The compressive nature of
residual stress also is found to improve adhesion charac-
teristics and mechanical properties (Ref 23-27). A wide
range of coatings, including ceramics, alloy or cermet
coatings, deposited by the detonation spray technique
have been found to yield compressive stresses which, in
turn, manifested in the form of enhanced wear resistance,
fatigue life, etc., compared to other techniques (Ref 23,
25-27).

CrC coatings exhibited highest erosion resistance
compared to other coatings, mainly due to the presence of
NiCr binder which acts as a toughening agent in absorbing
the impact force and also due to the chromium carbide
network of hard particles, restricting the propagation of
cracks (Ref 28). Among the different ceramic materials,

Journal of Thermal Spray Technology
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Fig. 6 Erosive wear performance of DSC and APS coatings
tested at an impact velocity of 40 m/s at impact angle of 90°
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Fig. 7 Erosive wear performance of DSC- and APS-sprayed
coatings tested at an impact velocity of 40 m/s and at impact
angle of 30°

AZ generated by both DSC and APS showed the best
performance and this can plausibly be attributed to
toughening of alumina by zirconia within the coating
microstructure. The role of zirconia in improving the
toughness of alumina has been shown by Claussen (Ref
29) in sintered material. Also, Wang et al. (Ref 30) have
shown that zirconia toughened alumina ceramics show
nearly four times higher toughness compared to alumina,
which is a significant factor in improving erosion resis-
tance. However, it is observed that the YSZ coating shows
relatively higher wear rate due to its higher porosity and
lower microhardness, besides its reportedly low fracture
toughness (Ref 31). Higher relative wear loss for M and
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Table 4 Phase analysis of APS- and DSC-coated specimens before and after hot corrosion

Coating system

Phases present in as-coated condition

Phases present after hot corrosion

M (DSC, APS) Mullite, y-ALL O3, SiO;

M-YSZ (DSC, APS) Mullite, 7'-ZrO,

AZ (DSC) 'Y-A1203, tI-ZI'Oz

AZ (APS) 'Y-A1203, ZJ-ZIOZ, m—ZrOz

CrC (DSC, APS) Cr3C,, Cry3Cs, Cr7Cs, Cry12Nisgs
YSZ (APS) {-710,

Mullite, 'Y-Ale:;, SiOz, F6203
1\/[[,11“1:67 f—ZTOz, FeZO3

"{-A1203, t’—ZrOz, F6203
'\{-A1203, ﬂ-ZI‘Oz, m—ZrOz, Fezo3
Cr203.F6203, N10, F6203
t’—ZrOz, F6203

M-YSZ coating can be attributed to higher porosity and
lower flexural strength and elastic modulus for mullite
phase (Ref 32). In mullite-based coatings, M and M-YSZ,
deposited by DSC route, exhibited lower wear loss com-
pared to APS-based coatings. Apart from the compara-
tively lower porosity in the DSC deposited coatings
compared to the APS coatings, the presence of hard alu-
mina and #-ZrO; phases in detonation-sprayed M and M-
YSZ coatings, respectively, could have also contributed to
their superior erosion resistance compared to the corre-
sponding APS coatings.

The results depicted in Fig. 6 and 7 also enable com-
parison of the effect of impact angle on wear loss. In all
coating systems except YSZ and mullite-based coatings
sprayed by DSC, the maximum wear loss is observed at
90° impact than at 30°, which is in agreement with the
findings of Lidija et al. (Ref 33).

3.3 Hot Corrosion Studies

The hot corrosion performance of the DSC and APS
coatings is another important criterion to qualify the
coatings for the desired applications. After an exposure of
40 h to corrosive species, the phase analysis of coatings
was carried out to assess the extent of degradation. The
phases present in the coatings before and after the test are
summarized in Table 4. It is pertinent to note that alu-
mina, zirconia, YSZ, and mullite are known for their
resistance to hot corrosion by ‘S’ and ‘CI’ species (Ref 34-
36). During the course of exposure to 40 h, no spallation
was observed in the ceramic coatings. Consistently for all
the coatings, an additional peak of Fe,O3 forms due to the
following reaction of corrosive salt applied over the
coating:

FCC13(S) + FCSO4(S) +1/20,(g) — F€203(5) + 3/2C12(g>
+ SO0y
(Eq 1)

Phase analysis of CrC coating after hot corrosion indicated
formation of Cr,0O;. Earlier studies have reported that ‘Cr’
reacts with oxygen in air and results in the formation of
Cr,05 (Ref 37). After exposure to hot corrosion testing
conditions, one can observe from Table 4 that all the
chromium carbide phases detected in the as-coated con-
dition have dissociated and resulted into Cr,O5 formation.
Also, through visual examination, it was observed that the
green-colored Cr,0Oj3 film had spalled-off from the surface,
which can be seen in Fig. 8. After hot corrosion testing,
the absence of hard carbide phases and the presence of
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Fig. 9 Thermal cycling behavior of coatings

non-adherent Cr,O; film show the poor hot corrosion
behavior of CrC coating. Though CrC coatings exhibited
better microhardness and improved erosion resistance
properties, their poor hot corrosion resistance makes the
coating inappropriate for tuyere application.

3.4 Thermal Cycling Studies

The spalling resistance of coatings was assessed
through thermal cycling tests carried out. The test was
terminated after 1000 cycles, and any noted failure prior to
termination of the test is shown in Fig. 9. Among the
coatings studied, all DSC-sprayed coatings withstood 1000
cycles of exposure without spallation, except for M-YSZ
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which spalled at around 900 cycles. On the other hand, in
case of plasma-sprayed coatings, CrC and YSZ coatings
alone survived for 1000 cycles. The performance of all the
other APS coatings could be categorized as inadequate:
the mullite coatings spalled after 135-240 cycles, M-YSZ
withstood for only about 215-270 cycles, and AZ lasted up
to a modest 440-660 cycles.

The poor thermal cycling life of APS-sprayed mullite
coating can be attributed to coefficient of thermal
expansion mismatch (Ref 38). The corresponding DSC-
sprayed coating was mostly amorphous, which could have
assisted in extending the thermal cycling life up to 1000
cycles. Similarly, as mentioned in Table 3, the presence of

Delamination

<

mullite in APS-sprayed M-YSZ coating could have re-
sulted in lower thermal cyclic life. On the other hand, the
DSC-sprayed M-YSZ coating showed predominant pres-
ence of ¥-ZrO, as the major phase which resulted in im-
proved thermal cycling life of 900 cycles. Both DSC- and
APS-sprayed CrC coatings withstood 1000 thermal cycles.
The top surface of the CrC coatings exhibited a greenish
color implying that the surface had transformed to Cr,O3
in case of both DSC and APS coatings. This is similar to
the previously reported findings of Kamal et al. (Ref 39).
YSZ also has a high CTE value (~11 x 107 ° K™") (Ref
34) which is reportedly beneficial in reducing the thermal
stresses arising between the underlying bond coat and the

(b)

Fig. 10 Typical cross-sectional micrographs of DSC samples after thermal cycling test (a) CrC at lower magnification, (b) CrC at higher
magnification (¢) M—at lower magnification (d) M—at higher magnification, (e) M-YSZ—at lower magnification, and (f) M-YSZ—at

higher magnification
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top coat of YSZ during thermal cycling. Similar to most
TBCs, APS-YSZ coatings withstood the 1000 cycles of test
without any spallation.

Cross-sectional analysis of some DSC sprayed coatings
was also carried out to understand the oxidation/failure
mechanism. CrC coatings deposited by DSC showed less
oxidation at the interface between top coat and bond coat
as observed in Fig. 10(a). The interface remained intact
(Fig. 10b), although some horizontal cracks were ob-
served. The DSC sprayed mullite (Fig. 10c, d), on the
other hand, showed extensive oxidation along with con-
siderable but discontinuous cracking in the vicinity of the
oxide scale. However, the mullite coating may have re-
mained attached to the underlying bond coat due to the
presence of regions that remained free of crack to survive
during thermal cycling. The M-YSZ coating showed
(Fig. 10e, f) significant oxidation at the interface and
extensive horizontal cracking within the microstructure,
which could have eventually led to its failure at around
900 cycles.

3.5 Field Evaluation of Coating

After thorough evaluation of coating characteristics
and performance under different simulated environments,
a suitable coating system was chosen for the perceived
tuyere application using the qualitative comparison of all
coatings as shown in Table 5. It becomes clear from Ta-
ble 5 that AZ is clearly an unambiguous choice as coating
material. DSC and APS sprayed AZ coatings have per-
formed well in almost all the tests. APS-AZ performed
inferior to DSC-AZ in erosion testing, while APS-AZ
performed superior compared to DSC-AZ in thermal cy-
cling. CrC coating could have been a very good choice of
material, except that it performed extremely poor in hot
corrosion test, rendering it unsuitable for the application.
Even though APS-YSZ performed poorly in microhard-

ness and erosion tests, its hot corrosion and thermal cy-
cling performance were excellent. Also, YSZ has higher
coefficient of thermal expansion compared to AZ, hence it
was decided to reinforce the coating system with an
intermediate layer of YSZ with a view to enhance the
overall performance of the coating system. The following
two coating material-coating process combinations appear
to be equally promising solutions for tuyere application.
(1) APS-NiCoCrAlY bond coat, APS-YSZ intermediate
coat, and DSC-AZ top coat. (2) APS-NiCoCrAlY bond
coat, APS-YSZ intermediate coat and APS-AZ top coat.
The second combination was selected for plant trial due to
widespread global availability of APS compared to DSC,
to address a problem faced by the steel industry world-
wide.

Accordingly, an actual tuyere was APS coated with the
following specifications: Bond coat of NiCoCrAlY with
thickness 100 um, intermediate ceramic coat of YSZ with
coating thickness of 150 um, and ceramic top coat of AZ
with coating thickness of 150 um. The as-coated tuyere is
shown in Fig. 11(a). After continuous monitoring of the
tuyere performance, a 90% improvement in service life
was demonstrated using the coating. The disassembled
coated tuyere (Fig. 11b) shows signs of mixed mode of
failure, i.e., thermal loading, erosion, and corrosive gas
attack. The YSZ and AZ coatings are known to be resis-
tant to the possible corrosive gas attack as understood
from the simulated studies. Therefore, the failure of top
ceramic layers can be attributed to the thermal loading
and erosion attack. It is believed that the top ceramic
layers might have resisted erosion and thermal damage for
long time before being eventually removed due to impact.
One top layers failed, the bond coat and the underlying
copper substrate might have failed at a faster rate leading
to the complete failure. Figure 11(b) also shows that the
bottom part of the nose has higher degree of damage on
account of thermal loading, while the top surface and sides

Table 5 Qualitative comparison of all coating systems (Color table online)
Property / Qualitative ranking of coating (1 = best, 9 = worst)
Testing 1 2 3 4 5 6 7 8 9
Microhardness ( 4 APS-AZ| DSC-M [APSM-YSZ|DSC - CrC| APS - CrC [DSC M-YSZ| APS-YSZ | APS-M
Frosion at 90 degree . - - w.
. DSC - CrC APS-CrC| APS-AZ | DSC-M | APS - YSZ |[DSC M-YSZ|APS M-YSZ| APS-M
impact angle
Erosionat 30 degres DSC - C<C ADS - CrC| APS - A7 | DSC-M |APS M-YSZ|DSC M-YSZ| APS - YSZ | APS -M
impact angle
,APS - AZ,
DSC - M, APS - M,
Hot corrosion APS M-YSZ, isp(; ) (C::'((;
DSCM-YSZ
APS - YSZ
APS - AZ APS - M,
Thermal Cycling APS-YSZ.DSC - APS M-YSZ DSC M-YSZ| DSC-M
CtC, APS - CrC
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Fig. 11 The field trial tuyere (a) as-coated and (b) after trial

of tuyere nose compelled to failure under signs of erosion
damage and hot corrosion attack.

4. Conclusion

Various ceramic and cermet coatings were applied on a
copper substrate using DSC and APS techniques to explore
their performance for possible blast furnace tuyere appli-
cations. Although CrC coatings exhibited high microhard-
ness and erosion resistance, their poor performance in hot
corrosion conditions makes the coating inappropriate for
actual application. M and M-YSZ coatings also showed
poor microhardness and thermal cycling results, rendering
them unsuitable. The APS and DSC-AZ coatings exhibited
highest microhardness and were inert to hot corrosion at-
tack. While the DSC-AZ coating exhibited very good
thermal cycling performance, the APS-AZ coating even
survived for a modest number of thermal cycles prior to
failure, suggesting that it could be a possible candidate for
the intended tuyere application. The YSZ coatings showed
best thermal barrier property sustaining 1000 thermal cy-
cles without failure and displayed moderate microhardness
and erosion resistance property. In view of the above, a
combination of AZ and YSZ coatings was deemed suit-
able to mitigate the three modes of failure observed in
tuyeres, i.e., erosion damage, thermal loading, and hot
corrosion. Accordingly, NiCoCrAlY bond coat, AZ inter-
mediate coat, and YSZ top coat were deposited using APS.
The applicability of the selected coating system was suc-
cessfully demonstrated in field trial with an improvement in
service life by 1.9 times.
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