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Abstract—Four different composition of FeCrAlTiY-x MCrAlY (M = Co and Ni, x = 0, 10, 20, and 30 in
mass %) coatings were prepared onto carbon steel substrate using a flame spray technique. The high tempera-
ture oxidation resistance of the coating and uncoated samples was studied cyclically at 700°C for 8 times.
X-ray diffraction (XRD) and scanning electron microscope equipped with energy dispersive X-ray spectrom-
eter (SEM-EDX) were used to investigate the phase composition and morphologies of the coating before and
after oxidation. Depending on the coating composition, the coatings are composed of FeCr, Fe(Cr,Al),0y,,
(Co,Ni)Cr,0,4 and FeO. After high temperature oxidation test, it was found that the carbon steel experienced
high oxidation rate at the aforesaid temperature, forming a thick Fe-oxides layer. Even if a protective Al,O3
or Cr,05 layer is not formed on the coating surface, the flame sprayed FeCrAlTiY—MCrALlY coatings effec-
tively improve the resistance of carbon steel toward oxidation at high temperature due to the formation of
Fe,0; and spinel oxides. According to the results, the 30 mass % MCrALY coating exhibited a lowest mass

gain after exposure at 700°C for 8 cycles.
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1. INTRODUCTION

The mechanical strength and resistance of material
toward oxidation and corrosion are important factors
in selecting materials for high temperature applica-
tions. Carbon steels have been widely used for struc-
tural applications because of its lower cost and good
mechanical properties. The critical issues for the use
of low carbon steel with the increase of operating tem-
perature are oxidation and corrosion resistance. The
potential application of this material is restricted when
it is exposed to high temperature and oxidizing atmo-
spheres [1—3]. This leads to the thickness loss of the
sample due to iron oxidation, forming a thick Fe-
oxides layers consisting of Fe,0;, Fe;O, and FeO on
the steel surface [3—6]. The steels tend to easily oxidize
at higher temperatures. Accordingly, surface treatment
is required to overcome the aforesaid limitations.

FeCrAlY [7, 8] and MCrAlY (M = Co and/or Ni)
[9, 10] either as alloys and coatings have been inten-
sively studied due to their resistance toward oxidant
and chemical attack at high temperature and aggres-
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sive environments. However, the development of
materials for advanced energy applications still
encounters some challenges because their structural
and high temperature properties such as the formation
of a protective oxide layer are often affected by its
composition and oxidizing conditions including tem-
perature, time and atmosphere. Modifying the mate-
rial composition can be considered to enhance its oxi-
dation resistance. Accordingly, it is important to
investigate and clarify whether the combination of
both materials, FeCrAlITiY and MCrAlY, applied as
composite coating can possibly improve the oxidation
resistance of the carbon steel at high temperature.
Many studies utilized thermal spray coating tech-
niques such as high velocity oxygen fuel (HVOF) [9,
11, 12], atmospheric plasma spray coating (APS) [13]
and flame spray techniques [14—19] to prepare the
metallic or nonmetallic coatings for oxidation, corro-
sion, and wear resistant coating applications. Basi-
cally, the feedstocks of powder, rod or wire are heated
into a molten or semimolten state and then accelerated
toward a substrate surface to form a coating layer [14,



Fig. 1. BSE SEM images of (a) FeCrAlTiY dan (b)
MCrAlY powders.

20]. It is noteworthy that the coating preparation using
a flame spray method has several advantages, such as
easy to use, low cost, lower flame temperatures (pre-
vent thermal decomposition) [19], quiet operation and
applicable to spray various materials. A number of
studies used this technique to deposit Fluorhydroxy-
apatite [19], FeCr [14, 15], composite [16], porous
hydroxyapatite coatings [17] and Y,O; film [18] on the
various substrate materials.

In this study we reported the high temperature oxi-
dation characteristics of FeCrAlTiY coatings contain-
ing 0, 10, 20, and 30 mass % MCrAlY. It was expected
that the addition of MCrAlY could promote the for-
mation of a protective oxide scale and enhance the
resistance of sample against oxidation. The coating
was deposited on the surface of low carbon steel using
a flame spray technique. Their resistance against oxi-
dation at high temperature was studied at 700°C for
8 cycles and compared to the low carbon steel. X-ray
diffraction and SEM-EDX were used to study the
phase and microstructure of the coating before and
after oxidation.

2. EXPERIMENTAL
2.1 Sample Preparation

In this study, carbon steel namely ST 41 (98.90 Fe,
0.499 Mn, 0.239 Si, 0.0989 C, 0.0419 Cr, 0.0108 Cu,
0.0199 Ni, 0.053 Ta, 0.0174 P, 0.0029 S, 0.0133 Ti, and
0.0435 Al in mass %) with a size of 1 X 1 X 0.3 cm was
used as substrate. A small hole with | mm in diameter
was drilled in the top-middle of the substrate. It was
used to hang the sample during coating process. For
coating preparation, the surface of the samples was
mechanically polished using various grit of abrasive
SiC papers ranging in size from #150 to #800 to obtain
a flat surface and to remove the scales and contami-
nants. The samples were then ultrasonically cleaned in
ethanol solution for 10 min and dried using hot blow-
ing air. Subsequently, the sample surface was sand

Table 1. Nominal composition of FeCrAlITiY powder
Element| Cr |Al| Ti | Ni (Mn| Y Cu Fe

17.216.6/0.58{0.47|0.36|0.097|0.097

mass % Balance
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Fig. 2. X-ray diffraction patterns of (a) FeCrAITiY dan (b)
MCrALlY powders.

blasted using brown fused alumina with a pressure of
12 bar in order to increase the bond strength between
coating and substrate. Careful substrate cleaning after
sand blasting was carried out to remove the contami-
nants from the substrate surface.

2.2 Coating Powder and Composition

Two kinds of commercial powders as FeCrAITiY
(Sandvik Materials Technology Ltd) and MCrAlY
with M = Co and Ni (Sulzer Metco Co. Ltd) with an
average particle size of about 106 and 45 um, respec-
tively were used as starting material in this study. Both
powders have a spherical shape as shown in the BSE
SEM images of Fig. 1 and should be able to pass
through the flame spray nozzle. The MCrAlY powder
might play a role to fill the gaps or pores between the
powder of FeCrAITiY. The nominal composition of
FeCrAITiY and MCrAlY powders is given in Tables 1
and 2, respectively with the powder diffraction pat-
terns presented in Fig. 2.

Four compositions of coating powders as FeCrAl-
TiY-0, 10, 20 and 30 mass % MCrAlY were prepared.
In order to obtain a homogeneous powder mixture,
each composition was mixed for 30 min using a rotary
milling. The powder was loaded into powder feeder of
a flame spraying (Metallisation Flamespray MK74).
In this system, acetylene and oxygen gases were used
as energy source to produce a flame for heating the
feedstock materials and to impact the molten or semi-
molten particles on the steel surface. The compressed
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air played a role for powder particle carrier/accelera-
tion and spray gun cooling. Moreover, it was used to
turn a vibrator assembly to overcome the difficulty of
feeding powder. The flame spraying process was per-
formed manually with deposition parameters are pre-
sented in Table 3.

2.3 High Temperature Oxidation Test

Before high temperature oxidation test, the sam-
ples were put in alumina crucible, weighted using an
electronic balance and oxidized in ambient air at
700°C for 8 cycles. The sample was rapidly heated in a
muffle furnace at 700°C for 20 h and then cooled for 4 h
at room temperature. The aforesaid heating and cool-
ing, namely cyclic oxidation test were repeated for up
to 8 times. The mass gain was regularly measured
during sample cooling. The oxidation kinetic of sam-
ple was evaluated from the difference in mass of the
sample after and before oxidation test which is then
divided by initial surface area of the sample. The
results were plotted in the curve of high temperature
oxidation kinetic. In this study, the oxidation resis-
tance of the coatings was compared to the uncoated
low carbon steel.

2.4 Characterizations

X-Ray Diffraction (XRD) analysis with CuK|, radi-
ation (A = 1.541 A) was used to determine the phase
constituent of the coating before and after high tem-
perature cyclic oxidation test. The XRD measurement
was conducted using Rigaku Smartlab X-ray diffrac-
tometer (40 kV, 30 mA) with the scanning range of 26
from 20—90 deg, scanning speed of 0.4 and stepping
width of 0.01 deg. For the cross-sectional coating
analysis, the samples were resin mounted, cross-sec-
tionally cut using abrasive cutting machine, polished
using various grit of SiC papers for up to mirror fin-
ished and cleaned with flowing water. The composi-
tion of the coating was then examined by mean of
Hitachi SU3500 Scanning Electron Microscope
(SEM) at accelerating voltage of 20 kV equipped with
an Energy Dispersive X-Ray Spectrometer (EDX).

3. RESULTS AND DISCUSSION
3.1 Coating Characteristics

3.1.1. Phase Structure. Figure 3 shows the X-ray
diffraction patterns of low carbon steel and Fe CrAITiY
coatings containing 0, 10, 20 and 30 mass % MCrAlY,
respectively prepared by a flame spray technique.

For the comparison, the XRD pattern of the sub-
strate without coating is presented in Fig. 3a. It can be
seen that the sharp and narrow peaks of carbon steel
substrate consist of three peaks, corresponding to Fe
phase. The effect of coating composition on the phase
formation of FeCrAlTiY—MCTrAlY coatings prepared
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Table 2. Nominal composition of MCrAlY (M=Co and
Ni) powder

Element Co Ni Cr Al Y
38.5 32 21 8 0.5

mass %

Table 3. Flame spray parameters

Acetylene pressure 0.83 bar
Oxygen pressure 2.07 bar
Compressed air pressure 1.34 bar
Sample to nozzle distance 20 cm

by a flame spray technique can be explained as follow.
For the FeCrAlTiY coating, three phases consisting of
FeCr metallic phase and Fe(Cr,Al),0,, FeO oxides
phases are detected by XRD analysis. Initially, Al,O,
and Cr,0; seem to be formed due to Al and Cr affinity
for the oxygen. However, they are subsequently solid
state reacted with FeO to form FeAl,O, [21, 22] and
FeCr,0, [23, 24]. In this study, it was indicated by the
formation of Fe(Cr,Al),0, as detected by XRD analy-
sis. The phase formed in the FeCrAITiY coatings con-
taining various amount of MCrAlY is almost similar to
that of FeCrAITiY coating without MCrAlY addition.
However, the (Ni,Co)Cr,0, phase is also identified in
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Fig. 3. X-ray diffraction patterns of (a) low carbon steel,
FeCrAlITiY coatings with (b) 0, (c) 10, (d) 20 and (e)
30 mass % MCrALlY.
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Fig. 4. BSE-SEM cross-sectional microstructures of
FeCrAITiY coatings with (a) 0, (b) 10, (c) 20 and (d)
30 mass % MCrAlY.

the FeCrAlTiY coatings with 10, 20 and 30 mass %
MCTrALlY. Similarly to Fe(Cr,Al),O,, the (Ni,Co)Cr,0,
spinel structure is formed due to solid state reaction of
NiO with Cr,0; and CoO with Cr,0;, forming
NiCr,0, and CoCr,0,, respectively. Tiantian Zhang
et al. (2016) also reported that the spinels can provide
the protection against oxidation and corrosion [13].

No phase different is found in the MCrAlY-added
coatings. From the results as shown in Fig. 3, the dif-
fraction peak of FeCr phase is likely to decrease and
the oxides peaks appear to increase with the addition
of MCrAlY. The presence of oxides peaks in all coated
samples before high temperature oxidation test indi-
cates that some elements are preferentially oxidized
during coating preparation. This is liable to occur due
to the use of oxygen and compressed air; and also air
atmosphere exposure during coating process at high
temperature. M.P. Planche et al. [12] reported that the
stoichiometry of the oxygen and fuel mixture affects
the combustion temperature. The use of lean combus-
tion ratio results in unconsumable oxygen molecules
in the flame. It creates an oxidizing atmosphere. This
condition and surrounding air severely enhance the
oxidation of molten particles. Thus, the deposited
coating becomes oxides-rich [12]. Lowering the dif-
fraction peak intensity of FeCr phase with the addition
of MCrAlY reveals that the fraction of FeCr phase in
the outer coating layer decreases with the increase of
MCTrALY concentration. In addition, the presence of
(Ni,Co)Cr,0, suggests that some amount of MCrAlY
powder is likely to oxidize, even if Co and Ni have
lower affinity for the oxygen compared to that of Al
and Cr (see Ellingham diagram [25]). In this case, the
different in powder size seems to also affect the oxida-
tion of coating powder during coating process. The
oxidation of smaller powder is favorable to occur
because the smaller particle sizes create larger interfa-
cial areas and increase the number of atoms at the par-
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ticle interfaces [26]. This results in increasing the oxi-
dation rate of coating powder with the decrease of par-
ticle size [27]. The oxygen content in the coatings was
affected by in-flight oxidation when the small particles
are used and post-impact oxidation when the large
particles are used [11]. As mentioned in the experi-
ment, the powder size of MCrAlY is smaller than
FeCrAlTiY. Accordingly, MCrAlY powders are likely
to oxidize mainly to form (Ni,Co)Cr,0,. Moreover,
some Al from MCrAlY may be oxidized to form AL, Os.
It undergoes solid state reaction with FeO to form spi-
nel as explained before. While, the oxidation of
FeCrAITiY powders mostly form Fe(Cr,Al),O, and
FeO as confirmed by XRD analysis. The formation of
aforesaid oxidation products appears covering the
FeCr phase. As a result, the diffraction peaks of FeCr
phase tend to weak with the increase of MCrAlY con-
centration.

3.1.2. Microstructure. Figure 4 shows the BSE-
SEM cross-sectional images of FeCrAITiY coatings
with different composition of MCrAlY as 0, 10, 20,
and 30 mass %.

The cross-sectional images of the samples clearly
confirm that the coatings were successfully deposited
on the surface of carbon steel using a flame spray tech-
nique. It can be seen that the coating and substrate
interface is clearly defined. The FeCrAITiY—MCrAlY
coatings show a lamellar structure and well adhere to
the substrate with a thickness range of approximately
260—320 um. The coatings also contain pores and
unmelted or partially melted particles. The presence of
pores could be due to the existence of various sizes of
unmelted particles which can create porosity in the
coatings [14, 20] and act as a source for cracks forma-
tion [15]. The pores in the coating layer and intercon-
nected pores at the coating interface can act as short
circuit path for cations and/or anions diffusion,
reducing protection toward corrosion as well as oxida-
tion. Meanwhile, the difference in coating thickness
between each composition as shown in Fig. 4 could be
related to the thermal spray process which was oper-
ated manually.

According to BSE microstructure images of Fig. 4,
mostly, the FeCrAlTiY coatings with different content
of MCrAILY consist mainly of three distinguished
areas: bright, greyish and darkish areas. In order to fur-
ther determine the composition of corresponding
areas, an EDX elemental point analysis was per-
formed. Figure 5 shows the results of EDX spectrum
and point analysis in the corresponding area of
FeCrAITiY coatings with 0 and 30 mass % MCrAlY.
In the FeCrAlITiY coating (see Fig. 5a), the bright area
(Point 1) is mainly composed of 67.06 at % Fe,
15.83 at % Cr and 12.84 at % Al with a very small con-
centration of Ti and O, which is suspected to be FeCr
phase as detected by X-ray diffraction. The greyish
area (Points 2 and 3) and darkish area (Points 4) con-
tains mainly of Fe, Cr, Al and O with varying at % con-
Vol. 56
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Fig. 5. BSE-SEM cross-sectional microstructures and corresponding EDX point analysis in the FeCrAITiY coatings with (a) 0

and (b) 30 mass % MCrALY.

tent. In the greyish area, the Fe and O concentrations
are higher than Cr and Al, composed of Fe(Cr,Al),0,
and FeO phases as detected by XRD analysis. Mean-
while, in the darkish area is rich in Al and O compared
to Fe and Cr, namely Al-rich oxide.

On the other hand, for FeCrAITiY coating with the
addition of 30 mass % MCrAlY (see Fig. 5b), two
bright areas with different atomic compositions are
found. In point 1, the area contains mainly of 68.09 at %
Fe, 15.83 at % Cr and 12.62 at % Al with very small
content Ti, Co, Ni and O, suggesting that this area is
probably FeCr phase as in the FeCrAlTiY coating
without MCrAlY addition. Meanwhile in Point 3, the
area is composed of 64.83 at % Fe, 10.97 at % Co,
10.35 at % Ni, and 4.17 at % Cr with some amount of
oxygen, confirming that the FeCrAlTiY and MCrAlY
powders were already reacted during the deposition
process. The difference in element concentration of
grey area in Points 2 and 4 are also found. EDX point

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

analysis in Point 2 comprises that the area is mainly
composed of 16.69 at % Fe, 9.24 at % Cr, 11.84 at % Al
and 60.64 at % O with minor elements of Ti, Co, Ni
and Y that is suspected to be Fe(Cr,Al),O, phase.
Point 4 shows mainly 12.30 at % Co, 6.81 at % Ni,
12.11 at % Cr, 9.42 at % Al and 57.91 at % O with small
content of Fe, Ti and Y that this area is probably
(Ni,Co)Cr,0, phase. The dark area (Point 5) is almost
similar to that of in FeCrAITiY coating which is com-
posed of Al-rich oxide (mainly 23.60 at % Al, 6.70 at
% Cr, 5.38 at % Fe, 62.53 at % O and minor element
of Ti, Co, Ni and Y). It is formed due to oxidation of
Al and other elements from FeCrAlITiY and MCrAlY
powders of the coating. However, the fraction of this
area is smaller compared to the other areas, similarly
to that of in the FeCrAITiY coating. Thus, it may be
not detected by XRD analysis as shown in Fig. 3.

The results of SEM-EDX analysis as presented
above are in good agreement with the results of X-ray
Vol. 56
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Fig. 6. Mass gain curves of low carbon steel and FeCrAl-
TiY coatings with 0, 10, 20, 30 mass % MCrALlY after oxi-
dation in air at 700°C for 8 cycles.

diffraction analysis in Fig. 3. Evidently, some coating
elements of FeCrAlTiY and MCrAlY such as alumi-
num and chromium which play a significant role in
promoting the formation of a protective Al,O; or
Cr,0; scales were preferentially oxidized during coat-
ing process. As the MCrAlY content increases, the for-
mation of spinel oxide seems to be increased. For oxi-
dation resistance applications, the formation of oxide
during coating process is not expected. This is because
the coating becomes depleted with some elements
which play a role in promoting the formation of a pro-
tective oxide scale and in maintaining the oxide scale
protectiveness for long term durability. However, sev-
eral studies also reported that the spinel oxide can also
serves a protection against oxidation and corrosion
[13, 22, 23, 28] because the oxygen diffusivity in the
spinel oxide is very small [29]. The spinel formation
can reduce not only O ions diffusion but also Fe ions
and electron free diffusing activities, resulting in high
oxidation resistance [23]. Therefore, the formation of
spinel oxide in the coating before oxidation at the pres-
ent study may give a potential beneficial effect as bar-
rier for cation outward diffusion and anion inward dif-
fusion. It may inhibit the growth rate of the oxide scale
and improve coating oxidation resistance.

3.2 Coating Characteristics after Exposure
at 700°C for 8 Cycles

3.2.1. Oxidation Kinetic. The mass gain curves of
carbon steel and FeCrAITiY coatings containing vary-
ing amount of MCrAlY after exposure in air at 700°C as
a function of cyclic oxidation time are shown in Fig. 6.

The results show that the mass gain of all samples
increases with the increase of cyclic oxidation time,
attributed to the formation of oxide scale during sam-
ple oxidation. According to the oxidation Kkinetic
curve, the uncoated sample shows the highest mass
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gain (reached 0.757 mg/mm?) after 8 cycles of expo-
sure compared to the coated samples from the initial
stage of oxidation. This suggests that the uncoated
sample has a lowest oxidation resistance. The direct
contact of substrate surface to air atmosphere at 700°C
leads to the fact that the uncoated sample can be oxi-
dized easily to form oxide layer on the surface of the
sample. The scale growth is then controlled by diffu-
sion process of cations and oxygen.

In contrast, the decreasing mass gain of coated
sample after oxidation suggests that the FeCrAITiY—
MCTrALY coatings on the surface of carbon steel effec-
tively improve the substrate oxidation resistance. But,
their oxidation resistance is compositional depen-
dence. The mass gain curves of Fig. 6 reveal that the
total mass gain of FeCrAlTiY coatings containing 0,
10, 20 and 30 mass % MCrAIlY after oxidation at
700°C for 8 cycles was 0.261 mg/mm?, 0.328 mg/mm?,
0.320 mg/mm? and 0.247 mg/mm?, respectively. All
samples show a quick increase in mass gain in the ini-
tial stage of oxidation and then a slow increase in mass
gain after 1 cyclic time exposure. The high oxidation
rate in the initial oxidation period is due to oxide
nucleation and rapid oxide formation, and lower oxi-
dation rate after aforesaid condition is due to oxide
scale layer turning into growing stage [2, 22]. Since the
oxidation curve follows a parabolic rate low, the oxida-
tion kinetic of coated sample is governed by cation
and/or anion diffusion similar to that of metals and
alloys [29—31]. No significance difference in mass
gain is found in the FeCrAITiY coatings with 10 and
20 mass % MCrAlY content. The mass gain of both
samples is higher compared to the MCrAlY-free coat-
ing. While, the FeCrAlTiY-30 mass % MCrAlY coat-
ing exhibits lowest oxidation rate, resulting best oxida-
tion resistance.

3.2.2. Phase Structure. The X-ray diffraction pat-
terns of uncoated carbon steel substrate and FeCrAl-
TiY-MCrAlY coatings after high temperature oxida-
tion test at 700°C in air for 8 cycles are presented in
Fig. 7.

The results show that the main phase formed as
detected by X-ray diffraction measurement on the car-
bon steel and FeCrAlTiY coating after exposure at
700°C for 8 cycles is Fe,O; phase. As shown in Figs. 7a,
7b, however, the intensity distribution of Fe,O; reflec-
tion in both samples is somehow different, once the
highest intensity of Fe,O; peak at the diffraction angle
of about 64.27 deg and the others at 35.59 deg. This
different could be due to a preferred growth orienta-
tion of Fe,O; in the uncoated sample and FeCrAITiY
coating during the high temperature oxidation test.

The FeCrAlTiY coatings with 10, 20 and 30 mass %
MCTrALY after oxidation at 700°C for 8 cycles display
similar peak reflection with intensity different. Based
on the analysis results, the predominant phase of
FeCrAlTiY coatings with different content of MCrAlY
detected by X-ray diffraction is the Fe,O; and
Vol. 56
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Fig. 7. X-ray diffraction patterns of (a) low carbon steel,
FeCrAlITiY coatings with (b) 0, (c) 10, (d) 20 and (e)
30 mass % MCTrAIY after oxidation in air at 700°C for
8 cycles.

Fe(Cr,Al),0O, phases. It can be seen at diffraction
angle of around 33 deg of Fig. 7c,d,e, the intensity of
Fe,O; peak tends to decrease with the increase of
MCrALY content. This suggests that the growth of
Fe,0; scale decreases as MCrAlY content increases. It
seems that the presence of spinel oxide before oxida-
tion affects the formation and growth of Fe,O; scale,
decreasing Fe outward diffusion and oxygen inward
diffusion. In addition, it is important to note that the
Al,O; or Cr,0; scale is not detected by X-ray diffrac-
tion in the FeCrAITiY—MCrAILY coatings. Mostly Al
and Cr elements are already oxidized during coating
process as explained earlier.

3.2.3. Coating Microstrusture. Figure 8 shows the
microstructural evolution of carbon steel and FeCrAITiY
coatings with 0, 10, 20 and 30 mass % MCrAlY after
exposure at 700°C for 8 cycles in air.

It can be seen in Fig. 8a that the uncoated sample
forms a thick Fe-oxides scale after oxidation at 700°C
for 8 cycles, suggesting the carbon steel suffered from
high oxidation rate. According to the results of EDX
point analysis as shown in Fig. 9, the external oxide
layer with the thickness of about 70 um is composed by
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Fig. 8. BSE-SEM cross-sectional microstructures of (a)
low carbon steel, FeCrAlTiY coatings with (b) 0, (c) 10, (d)
20 and (e) 30 mass % MCrAIlY after oxidation in air at
700°C for 8 cycles.

37.21 at % Fe and 62.79 at % O. This is closed to the
atomic ratio of Fe,0; as detected by X-ray diffraction
(see Fig. 7a). Beneath the Fe,0; scale, the EDX point
analysis of Points 2, 3 and 4 as shown in Fig. 9 indicate
that the Fe concentration is lower than O. It is near to
the atomic ratio of Fe;0,. Accordingly, the oxide scale
formed on the carbon steel after exposure at 700°C for
8 cycles is comprised mainly of Fe,O; and Fe;0,. In
general, the iron oxidation forms triple oxide layers
consisting of Fe,O; in the external layer, Fe;O,
beneath the Fe,0; scale and FeO scale on the steel
surface [3, 4, 6]. The absence of FeO on the substrate
surface indicates that the oxygen potential along sub-
strate/oxide interface is comparatively high [5]. In
addition, the cracks are found in the Fe,O;—Fe;0,
scale interface, in the Fe;O, scale and at the
oxide/steel interface. Previous study reported that the
grain boundaries, cracks and pores play a significant
role as the transport path for cations and anions diffu-
sion. The outward iron diffusion and inward oxygen
diffusion mainly affected the growth of outer and
inner oxide layer, respectively [32].
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Fig. 9. BSE-SEM cross-sectional microstructures and corresponding EDX point analysis in the carbon steel substrate after oxi-

dation in air at 700°C for 8 cycles.

For the FeCrAITiY coatings with varying concen-
tration of MCrAlY (0, 10, 20 and 30 mass %), the
MCrAlY-free coating exhibits better coating adher-
ence compared to the other composition, but cracks
are mostly formed on the coating surface (oxide layer)
as in the FeCrAITiY coatings with 10, 20 and 30 mass %
MCrAlY addition. But, the results show that the
cracks in the surface of MCrAlY-free coating are much
severe than MCrAlY-containing coatings. On the
other hand, it is obvious from Fig. 8 that the FeCrAITiY
coatings with 10 and 20 mass % MCrAlY content are
spalling from the surface of low carbon steel, leading to
oxidation of low carbon steel and the increase of mass
gain of the coated samples (see Fig. 6). Unlike the
aforesaid results, the 30 mass % MCrAIY coating
exhibits much better coating adherence. Accordingly,
the mass gain of the FeCrAlITiY and 30 mass %
MCrALY coatings was governed mostly by cations and
anions diffusion in the coating, resulting the lower
mass gain compared to the 10 and 20 mass % MCrAlY
coatings. The adhesion of the coating and substrate is
essential for improving the oxidation resistance of car-
bon steel and for providing long term durability.

According to the results of EDX elemental analysis
as presented in Fig. 10a, the oxide layer of FeCrAITiY
coating (Point 1) is composed mainly by 33.59 at % Fe
and 66.26 at % O with a very small concentration of Al
and Cr which is confirmed by XRD analysis as Fe,Os.
In the points 2 and 3, the areas are mainly composed
of20.44 at % Fe, 7.15 at % Cr, 8.93 at % Al, 63.03 at %
O and 15.95 at % Fe, 10.07 at % Cr, 10.61 at % Al,
62.28 at % O with a small content of Ti and Y, respec-
tively. This is suspected to be Fe(Cr,Al),O, as detected
by X-ray diffraction analysis. On the contrary, the
darker area of Point 4 is rich in Al and O with small

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

amount of Ti, Cr, Fe and Y. This area is almost similar
to that of before oxidation.

Meanwhile, for the FeCrAlTiY-30 mass %
MCTrALY coating, the external oxide layer is composed
mainly of 32.18 at % Fe and 66.94 at % O similar to
that of MCrAlY-free coating which forms Fe,O; scale
after exposure for 8 cycles. The grey areas (Points 2
and 4) are composed of two difference compositions.
In point 2, it consists of 9.59 at % Fe, 12.49 at % Cer,
13.53 at % Al and 62.62 at % O with a very small con-
centration of Co, Ni, Ti and Y. Whereas, the area of
point 4 contains 22.41 at % Fe, 6.57 at % Cr, 7.33 at %
Al, 9.53 at % Co, 7.04 at % Ni and 47.06 at % O with
a minor concentration of Ti and Y. Both areas are sus-
pected to be Fe(Cr,Al),0,4 and (Co,Ni)Cr,0,, respec-
tively. Point 3 is composed mainly by 81.99 at % Fe,
7.37 at % Co and 3.05 at % Ni with some amount of
0.02 at % Al, 0.24 at % Cr and 7.33 at % O. Al-rich
oxide in point 5 consists of 20.55 at % Al, 62.04 at %
0, 6.10 at % Fe, 9.70 at % Cr with a small concentra-
tion of Ti, Co, Niand Y.

Based on the results as presented above, it can be
summarized that the FeCrAlTiY—MCrAlY coatings
did not form a protective Al,O; or Cr,0; scales on its
surface. This is attributed to that the Al or Cr elements
in the powders were mostly oxidized during coating
process to form spinel oxides. Consequently, the coat-
ings become depleted in Al and Cr. The insufficient
amount of those elements inhibits the protective oxide
formation. Additionally, it is interesting to note that
Fe,0; scale is formed in the outer layer of FeCrAITiY
coatings containing varying amount of MCrAlY. The
presence of spinel oxide before oxidation and the for-
mation Fe,0O; scale after exposure at 700°C for 8§ cycles
strongly suggest that the aforesaid evidence allows the
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Fig. 10. BSE-SEM cross-sectional microstructures and corresponding EDX point analysis in the FeCrAlTiY coatings with (a) 0
and (b) 30 mass % MCrAlY after oxidation in air at 700°C for 8 cycles.

Fe ions to diffuse outwardly through spinel or defect in
the coating and oxidize in the outer layer, forming
Fe,0; scale. D. Lussana et al. [33] also reported that
during scales growth, the spinel type oxide becomes
progressively richer in iron, up to the transformation
in hematite (Fe,0;). However, the decrease in peak
intensity of Fe,O; at around 33 deg of Fig. 7c,d,e
reveals that the Fe outward diffusion is likely to
decrease with the increase of MCrAIY content.
Accordingly, it is important to note that the protection
of FeCrAlITiY—MCTrAlY coatings prepared by a flame
spray technique against cyclic oxidation at high tem-
perature is provided by Fe,O; and spinels formation.

Meanwhile, there are several factors that contrib-
ute to the scale cracking and coating adherence or
spallation in this study: pore existence [15], growth
stress of oxide layer and thermal stress [2, 3, 5, 6, 13,
32, 34, 35] during cyclic oxidation test. As shown in

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

the results of coating microstructure before oxidation,
the coating is composed of metallic and oxide phases
and also contains some pores. The existence of pores
in the coating layer can create or generate the cracks.
This results in the decrease of coating adherence.
Moreover, the pores at the coating interface tend to
become transport path for oxidant and corrodents,
reducing its oxidation and corrosion resistance. Under
thermal cyclic condition, high thermal stress was gen-
erated during high heating and cooling in the coating
(between oxide phase and metallic phase) and at the
coating/substrate interface due to the difference in
thermal expansion coefficient [3, 6, 11, 35]. This turns
into oxide cracking mostly in the external oxide layer
of FeCrAITiY—MCrALlY coatings, at the coating inter-
face in 30 mass% MCTrAIY coating and coating spall-
ation in the 10 and 20 mass % MCrAlY coatings. In
addition, the growth stress of oxide layers enhanced
the cracks initiation and propagation. The presence of
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cracks in the coating and coating/substrate interface
can act as transport parts for oxygen inward diffusion
and/or cation outward diffusion. This can accelerate
the degradation of coating and substrate. However, the
reason for why the FeCrAlTiY coatings with 10 and
20 mass % MCrALlY spalled out from the coating sur-
face and 30 mass % MCrAlY coating more resists to
coating exfoliation still need to be understood. The
results as presented above show that the FeCrAITiY-
30 mass % MCrAlY coating after exposure at 700°C
for 8 cycles exhibits the lowest mass gain associated
with best oxidation resistance.

4. CONCLUSIONS

FeCrAITiY coatings containing various amounts of
MCrAlY as 0, 10, 20, 30% by mass were prepared by a
flame spray technique on the surface of low carbon
steel. The resistance of coated and uncoated samples
against oxidation at 700°C for 8 times was investigated.
Based on the results obtained the following conclusion
can be drawn:

1. Some elements of Fe CrAITiY—MCrAlY coatings
were already oxidized during flame sprayed deposi-
tion, forming oxide scales of Fe(Cr,Al),O,,
(Co,Ni)Cr,0, and FeO.

2. Carbon steel experienced a high oxidation rate
after exposure at 700°C for 8§ cycles, forming Fe,O;
and Fe;0, scales on its surface.

3. On the contrary, even if a protective Al,O; or
Cr,0; scales is not formed after 8 times exposure, the
FeCrAlTiY—MCrALlY coatings effectively improve the
oxidation resistance of carbon steel due to the forma-
tion of spinel oxides and Fe,O; scale.

4. The FeCrAITiY coating with 30 mass % MCrAlY
exhibits lowest mass gain among other composition
associated with an excellent oxidation resistance.
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