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In this study, we fabricated silicon coatings on AlMog sNbTag sTiZr refractory high entropy alloy using pack
cementation for the first time. The growth kinetics of the coating layer were analyzed by considering coating
temperature, time, amount of Si, and NaF. The growth coefficient constant and activation energy were deter-
mined to be 96,823 yum/h'/2 and 117 kJ/mol, respectively. Microstructural analysis revealed the formation of a
protective layer of SiO; on the specimen surface, which increased its oxidation resistance at 1300 °C. Comparing

the uncoated and coated specimens provided insight into the potential use of AlMogsNbTagsTiZr for high-

temperature applications.

1. Introduction

The excellent mechanical properties of high-entropy alloys (HEAs)
have attracted extensive interest within the scientific community in
materials science. However, understanding their oxidation resistance at
high temperatures is also an important issue. For high-temperature ap-
plications, HEAs consist of five or more principle equi-atomic elements
[1-5] and are classified into two groups: 3-d transition metals (Ni, Mn,
Ti, Co, Cr, Cu)-based and refractory elements (W, Ta, Re, Mo, Nb,
Hf)-based, commonly known as refractory high-entropy alloys (RHEAs)
[6]. Due to their high melting point, solid solution strengthening, and
lightweight, refractory HEAs exhibit superior mechanical properties
over conventional Ni-based superalloys at high temperatures, which
makes them highly desirable for aerospace and marine industry appli-
cations [7-10]. The various combinations of elements, including MoN-
bHfZrTi [11], HENbTaTiZr [12], TiNbTaZr [13], MoNbTaVW [14],
AINDbTiZr [15], NbTaTiV [16], and NbMoTaW [17], have been recently
reported for their mechanical and oxidation properties.

The AlIMoNbTaTiZr-based system has recently gained significant
attention in the development of refractory high entropy alloys, owing to
its potential for use in high-temperature applications [18,19]. However,
its poor oxidation resistance at higher temperatures restricts its appli-
cation, leading researchers to explore anti-oxidation coatings. Cheng
et al. [20] reported the fabrication of ceramic coatings on AlTiNb-
Moy s5Tag sZr by micro arc oxidation. The coating was composed of SiO5
and Tay0s, and it was found that the oxidation resistance of the alloy
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remarkably improved after the oxidation test at 1200 °C. Lu et al. [21]
reported on the effect of adding Yttrium (Y) on the oxidation resistance
of AlMog sNbTag sTiZr refractory high entropy alloys. The addition of
Yttrium resulted in the formation of AINbO, based complex oxide,
which led to a power law dependence of weight gain in oxidation tests.
The addition of 0.6 at% Y exhibited better oxidation resistance at
800-1000 °C, but adding 1 at% Y had an adverse effect on oxidation
tests due to the formation of local stress and cracks. Moreover, the
systematic effect of Al element on the oxidation behavior of the re-
fractory high entropy alloy AlMog sNbTag sTiZr at 1000 °C was studied.
The higher content of Al resulted in the formation of AINbO4 and AlTaO4
instead of NbyOs and TayOs, improving the oxidation resistance of the
alloys [22,23]. In the literature, the different coatings approaches were
used such as formation of protective oxide layer, chemical vapor
deposition [24], laser cladding [25,26], pack cementation [27-29], and
slurry coatings [30] on refractory high entropy alloys but each tech-
niques have drawbacks such as slurry technique negative effect of
reducing alloy strength and ductility. Among the different coating
techniques, silicide coatings perform exceptionally well in terms of
oxidation performance at high temperatures above the 1200 °C.
Recently, fabrication and oxidation behavior RHEAs (NbMoTaW)Si,
coatings was reported by Kuang et al. [31]. The Si pack cementation
technique was used for coating and excellent oxidation resistance was
found for coated specimen compared with NbMoTaW alloy specimen at
1300 °C in air. Similarly, Yi et al. [17] also fabricated and studied
oxidation resistance of (NbMoTaWV)Siy and substrate and analyzed
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Fig. 1. (a) XRD pattern (b) BSE image of as casted AlMog sNbTaq sTiZr alloy.

Table 1

EDS analysis data of AIMog sNbTag sTiZr alloy.
at% Al Mo Nb Ta Ti Zr
1 18.5 9.0 22.3 8.1 21.6 20.2
2 8.8 16.7 29.9 21.4 14.9 8.0
3 27.8 4.7 11.5 2.1 16.3 37.3

microstructure systematically. The high oxidation resistance in case of
coated specimen was attributed to formation of dense SiO; layer at the
interface.

The literature contains several coating models that predict the
thickness of the coating layer. Majumdar et al. analyzed the coating
kinetics of a Mo-based alloy using Si as a coating source and NH4F as an
activator at 800-1200 °C for up to 25 h [32]. Xiang et al. studied the
Fe-based alloy P92 (12Cr-1Mo) coated with Al at 500-700 °C for up to
16 h using Al as the coating source and AlCl; as an activator. They
proposed a coating model to predict the thickness of the coating layer
and understand coating dynamics [33]. Choi et al. coated Mo-3Si-B alloy
at 900-1100 °C for up to 48 h and presented a coating model using Si
and NaF as the coating source and activator inside the pack [29]. All
these models were based on the Levin and Caves model [34]. The growth
of the coating layer was predicted through actual experimentation and
theoretical calculations based on changes in the content of the coating
source and activator (Si and NaF) inside the pack.

In this study, we report the fabrication of Si coatings on
AlMog sNbTag sTiZr refractory high-entropy alloy for the first time using
the pack cementation method. The alloy was prepared by arc melting,
and the pack cementation method was chosen due to its advantages,
such as easy application on complex surfaces and excellent adhesion to
the base material. Silicon powder was used as the coating source, and a
coating layer was formed on the alloy surface through pack cementation
coating. The growth kinetics of the coating layer, in terms of the content
of Si used as the coating source and NaF used as an activator, were
studied experimentally and theoretically. The post-coating structure and
microstructure analyses were performed before and after oxidation tests
at 1300 °C for up to 100 h. We discussed the comparison of uncoated and
coated specimens through mass increase analysis due to the oxide layer
formation after oxidation tests and microstructure studies.

2. Experimental

The refractory high entropy alloys (HEAs) containing AlMog sNb-
Tag sTiZr were synthesized by arc melting high purity AL Mo, Nb, Ta, Ti,
and Zr elements (> 99.9 %) in an Ar atmosphere inside a water-cooled
copper crucible. The ingots were melted five times and flipped for
each melt to ensure the homogeneity of the alloy. The as-cast ingots
were wire cut into 6 mm x 6 mm x 3 mm specimens, which were

manually polished with SiC abrasive paper to 2000 grade and ultra-
sonically cleaned in ethanol for 10 min. The pack cementation mixture
was composed of Si as the source material for coating, AloOs3 as the filler
material, and NaF as the activating agent in a weight percent ratio of
30:65:5 [35,36]. The AlMogysNbTag sTiZr specimens were sealed in an
alumina crucible with the pack cementation powder mixture, where
Al,Og served as an anti-sintering agent and NaF served as an activator to
prevent solid diffusion. The sealed crucible was bonded with ceramic
slurry and placed into a tube furnace.

The pack cementation process was carried out in a continuous flow of
Ar atmosphere (99.9 %) to prevent oxidation of the specimens at tem-
peratures of 900 °C, 1000 °C, 1100 °C, and 1200 °C, with different
coating times of 12, 24, and 48 h. The thickness of the coating layer was
measured for each variation. The amounts of Si and NaF used in the
process were varied to observe the effect on coating thickness, with Si
ranging from 10 to 30 wt% and NaF from 1 to 5 wt%. The amount of
Al,03 was adjusted to maintain a weight ratio when reducing the
amount of Si and NaF. The specimens coated with optimized thickness of
silicide were selected for oxidation testing in an air atmosphere at
1300 °C for up to 100 h in a muffle furnace. The uncoated specimens
were subjected to oxidation testing at the same temperature and time to
enable comparison of oxidation results. The crystal structure and phases
of oxidation products were determined using a Bruker D8 Advance X-ray
diffractometer with CuKa radiation at room temperature within the 26
range of 20-90° to the specimen surface. Additionally, the microstruc-
ture and cross-sectional analysis of the oxidation layer were character-
ized by a field emission scanning electron microscope (FE-SEM, Hitachi
SU5000) equipped with backscattered electron (BSE) and energy
dispersive spectrometer (EDS) detectors. The compositional information
of the oxides layer at the cross-section of specimen, X-ray photoelectron
spectroscopy (XPS) has been studied by using PHI 5000 VersaProbe
(Ulvac-PHI) X-photoelectron spectrometer with monochromatized Al Ko
excitation (hv = 1486.6 eV) operating at a pressure around 10~° mbar.

3. Result and discussion
3.1. Phase composition and microstructure of AlMog sNbTay 5TiZr

The X-ray diffraction spectra of the as-cast AlMog sNbTag 5TiZr alloy
specimen is shown in Fig. 1(a). All the reflections in the XRD have been
identified, and it has been confirmed that there are two main phases,
BCC and B2, along with other impurity phase such as AlyZrs. The
calculated lattice parameters are 0.326 nm and 0.330 nm, respectively.

The microstructure of as-cast AlMog sNbTag 5TiZr alloy is shown in
Fig. 1(b) and EDS analysis results are given in Table 1. The dendrite
structure was observed and which is divided into bright and dark regions
as shown in BSE image. The EDS analysis confirms the alloy was
composed of Al 18.5 %, Mo 9.0 %, Nb 22.3 %, Ta 8.1 %, Ti 21.6 and Zr



C. Hwang et al.

Corrosion Science 219 (2023) 111203

Fig. 2. (a) SEM image of surface (b) BSE image of Si coated AlMog sNbTag sTiZr alloy at 1100 °C for 48 h and elemental mapping images.

Table 2

EDS data of Si coated specimen surface at 1100 °C for 48 h.
at% o Al Si Ti Zr Nb Mo Ta
1 17 1.2 55 8 7 6.3 3 2.5
2 63.7 15.2 20.8 0.1 0.1 - - -

20.2 %. In the magnified image, the bright region was examined as a
region rich with Mo, Nb, and Ta elements which belongs to BCC phase,
and the dark region was examined as a region rich with AL Ti, and Zr
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which belongs to B2 phase. Both of these phases have the characteristics
of high-temperature stability and strength.

3.2. Coating characterization of AlMogy sNbTay sTiZr

Fig. 2(a) shows the SEM of the Si coated surface of the AIMog sNb-
Tag sTiZr alloy at 1100 °C for 48 h. The surface exhibited irregularly
shaped grains, indicating that the extent of coating was not the same for
all constituents of the substrate. To determine the composition of the
surface, BSE imaging was analyzed with EDS measurements and
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Fig. 3. (a) XRD pattern (b) BSE image of Si coated AlMo, sNbTag sTiZr alloy at 1100 °C for 48 h.



C. Hwang et al.

Table 3

EDS data of AlMog sNbTag sTiZr specimen after 48 h silicide coatings at 1100 °C.
at% Al Si Ti Zr Nb Mo Ta
1 - 70.2 9.0 - 9.5 5.1 5.9
2 1.2 68.3 7.1 - 10.0 6.8 6.4
3 50.5 - 8.7 22.1 11.9 - 6.6
4 16.9 - 20.5 21.5 21.4 10.1 9.4

elemental mapping. Fig. 2(b) illustrates the BSE and elemental mapping
images of the surface of the specimen coated at 1100 °C for 48 h using Si
pack cementation. A thick layer of Si formed on the surface due to the
coatings, which suggests evidence of gas diffusion, and the composition
of the surface was non-uniform. The detailed EDS analysis results are
shown in Table 2. After gas diffusion due to Si pack cementation coat-
ings, XRD and cross-sectional images were examined to observe the
detailed phase formation.

The Si-rich layer confirmed on the surface of AlMogsNbTag sTiZr

HANBATS000 15.0kV 10.8mm x600 BSE-ALL
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alloy after pack cementation process and interdiffusion layer was
observed next to the Si-rich layer. The x-ray diffraction pattern for sili-
cide coated AlMog sNbTay sTiZr alloy at 1100 °C for 48 h is shown in
Fig. 3(a). All the reflections are corresponding to the complex silicide
such as NbSi,, Al4Si, MoSis, ZrSis, (Al, Zr, Mo)Sis, (Mo, Al)Si,. There-
fore, this coating layer is expected to improve oxidation resistance at
high temperatures. Fig. 3(b) cross-sectional image of AlMoysNbTag 5.
TiZr alloy after coating at 1100 °C for 48 h. The cross-section image
shows, silicon diffused into the specimen, and 4 distinct layers clearly
seen such as Si-rich layer, inter-diffusion layer, Al-rich layer and spec-
imen. The EDS analysis of these different layers is shown in Table 3, and
the detailed analysis of the cross section is shown in Fig. 4 by performing
elemental mapping analysis.

Fig. 4 shows cross-sectional magnified BSE image and elemental
mapping images of Si coated AlMog sNbTag sTiZr alloy at 1100 °C for
48 h. In the enlarged BSE image, the Si-rich layer, inter diffusion layer,
and Al-rich layer observed in the coated specimen. Additionally, when

Fig. 4. Cross-sectional magnified BSE image and elemental mapping images of Si coated AlMog sNbTa sTiZr alloy at 1100 °C for 48 h.
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Fig. 5. Cross-section images of specimen at different time and temperature coating conditions.
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present inside and the diffused into the Si-rich layer. In addition, it is oxidation at 1300 °C for 60 h.
considered that the Al-rich layer is formed close to the inter diffusion



C. Hwang et al.

Nb,O,
Ta,0,
TiO,
Zr0,
AlTa0,
AI.\EI]OJ

e v rd

Intensity (a.u.)

20 (deg.)

Fig. 10. XRD pattern of uncoated AlMog sNbTag sTiZr alloy after oxidation test
at 1300 °C for 10 h.

layer. Therefore, the change of the coating layer for each condition is
shown in Fig. 5.

The cross-sectional images in Fig. 5 show the Si pack cementation
coating at 900 °C, 1000 °C, 1100 °C and 1200 °C for 12 h, 24 h and
48 h. At a lower temperature of 900 °C, it is evident that the coating
layer is unsatisfactory due to its thickness, adherence to the base ma-
terial, and homogeneity. Additionally, by increasing the coating time
under a coating temperature of 1000 °C did not result in a considerable
increase in the thickness of the coating layer. Therefore, the coating
temperature was increased, and a considerable thickness of coating
layer was obtained. However, cracks were observed at the interface
between the base material and the coating layer at a coating tempera-
ture of 1200 °C. Thus, it appears that the optimal coating condition is
1100 °C for 48 h, as this condition provides the best adhesion and sta-
bility of the base material.

Fig. 6 shows the variation in thickness of the silicide coating layer
with respect to the weight percentage of Si and NaF at 1100 °C for 48 h.
In Fig. 6(a), the Si powder content inside the pack was varied from 10 to
30 wt%. The thickness of the coating layer exhibited a linearly
increasing trend as the Si powder content increased. It was observed that
the amount of Si powder had a significant impact on the growth of the
coating layer. Similarly, in Fig. 6(b), the NaF powder content was varied
from 1 to 5 wt%, and the thickness of the coating layer increased linearly
with an upward trend as the NaF content increased to 5 wt%.

3.3. Coating growth kinetics

The silicon coating on the AlMog sNbTag sTiZr specimen by pack
cementation is typically achieved by chemical vapor deposition, which
is activated by salts of NaF halide. When temperature is high Si vapors
migrated along with NaF vapors to the substrate surface started to de-
posit and diffused in to the substrate surface. The process and growth
kinetics of the coating layer on the metallic substrate surface in pack
cementation depend highly on the chemical composition and partial
pressure of vapor species generated in the pack at high temperatures. In
the diffusion-controlled growth process, the amount of coating layer
deposited on surface of unit area at a time interval t (h) follows a
parabolic law according to Levin et. al [34] and can be expressed as,

m* = kgt @

where, m is the weight gain (mg/cm?), kg is the parabolic rate constant
(mg2 crn4/s) and tis the coating time (s). The parabolic rate constant was
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given by following expression,
ke = ((2neMy; / IRT(Y " Di(pi — p'i))"? @)

where, n is the Si density in the pack, ¢ is the correction factor for pack
porosity, Msg; is the atomic weight of Si, I is the correction factor for the
pack pore length, R is the gas constant, and T is heat treatment tem-
perature, Di is the diffusion rate of Si vapor, pi is the equilibrium partial
pressure of the halide gas inside the pack, and pi’ is the equilibrium
partial pressure of the halide gas on the substrate surface. In this
equation all the parameters except Mg; are constants and Eqs. (1) and (2)
gives weight gain expression as follow,

m = k,Wi*1/? (3)

where, k; is the rate constant at coating temperature (mgZem?/s), Wi is
the Si content [wt%] and t is the coating time (s). In terms of how much
activator was employed in pack cementation, the coating kinetic equa-
tions proposed by Xiang et al. [34] do not accurately predict the
development of the coating layer. Therefore, a factor which depends on
the amount of activator was introduced and the equation was modified
as follows,

m =k, Wy'1(4/5)[(A/5)"* = 1] 4

where, A is the NaF content [wt%] inside the pack. Fig. 6(b) shows the
growth of the coating layer according to the NaF content by using Eq.
(4). The modified Eq. (4) shows that if there is no loss of the deposition
element and the deposition area is converted to the Silicide. The rela-
tionship between the amount of Si deposited on substrate or the weight
gain (m) and the coating thickness in pm (h) can be given by,

h=ml0M,/(yMs;p) ©

where, M¢ is the molecular weight of the formed intermetallic com-
pound [g/mol], and p is the density of the formed coating layer [g/cm>].
The Egs. (4) and (5) gives,

h= kW24 )5)"? (6)

where ks is a rate constant of halide gas at constant temperature. The
above formula represents the diffusion coefficient when coating the
intermetallic compound and temperature dependance. The relationship
between diffusion coefficient and activation energy can be expressed
according to the Arrhenius formula,

ks =ko exp(—Q/RT) )]

where, Q is the activation energy [kJ/mol] required for the growth of
the coating layer, R is the gas constant, T is the coating temperature (°C),
and kg is the rate constant. Substituting Eq. (7) into Eq. (6) we get an
expression as,

h=koW'212(4/5)2  exp(— Q/RT) 8

The rate constant coefficient ko can be determined from the experi-
mental results after taking the natural logarithm of both sides equation
and fitting with experimental results.

In h=In k'">+In W+ t]/2+ln((A/5)l/2)7Q/RT )

The optimized value of NaF is 5 wt% in pack cementation process,
hence (A/5)1/2 =1, so the Eq. (9) becomes,

mh=Mn k'*+In W2+ 2-Q/RT (10)

Fig. 7(a) shows the linear relationship between In h and 1000/T
according to the coating temperature and time. The slope of each graph
is Q/R, and the activation energy Q can be calculated from the average
slope value. The average value of activation energy under the conditions
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Fig. 11. The SEM image of cross-sectional view, BSE and elemental mapping images of uncoated AlMo, sNbTag sTiZr alloy after oxidation test at 1300 °C for 10 h.

Table 4
EDS compositional analysis of different areas of uncoated specimen after
oxidation at 1300 °C 10 h.

at% o Al Ti Zr Nb Mo Ta
1 71.7 5.8 5.8 6.7 6.5 - 3.1
2 64.7 8.1 6.8 9.2 7.6 - 3.6
3 59.6 9.1 7 10.4 7.0 3.4 3.4
4 41.0 10 11.2 15.4 11.4 5.7 5.3
5 14.2 23.4 15.5 3.2 22.0 10.6 11.1
6 52.6 5.3 3.6 27.5 6.4 2.6 2.0
7 71.1 2.0 4.8 2.6 14.2 - 5.3
8 70.8 6.4 6.0 9.6 5.2 - 2.6

of 12 h, 24 h and 48 h was Q = 117 kJ/mol. In addition, the ko value for
each coating time can be obtained from the y-intercept of Fig. 7(a), and
the average ko (1) from 12 h to 48 h was calculated to be 94,497 pm/hl/
2, The change in coating layer thickness with respect to different coating
temperature and time is shown Fig. 7(b). The Eq. (8) can be re-written
as,

N

h / 12 = kW exp(— 0 /RT) 11)

The value of kg (2) calculated from the slope value of Fig. 7(b), and
the derived average value of ko (2) was 101,199 um/h'/2. When we re-
arranged Eq. (8) according to the thickness of the coating layer and the
Si content.

h /Wi = kt'exp(— 0 /RT) 12)
The value of k¢ (3) calculated from the slope value of Fig. 8. The k,
(3) derived value was 94,774 pm/hl/ 2, Therefore, the average values of
ko (1), ko (2) and ko (3) were used in the final equation as kg
= 96,823 um/h'2 and substituting into Eq. (8),
h=96823W.> 11/ exp(— 117/T) (13)
To confirm the usefulness of Eq. (13) in our study, the experimental
results were compared with calculated results as shown Fig. 8.

The change in the silicide coating-layer thickness on
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Fig. 12. XRD pattern of coated AlMog sNbTa sTiZr alloy after oxidation test at
1300 °C for 100 h.

AlMog sNbTag sTiZr alloy with respect to the heat treatment time at
different temperature at 30 wt% of Si and 5 wt% of NaF is shown in
Fig. 8. The silicide coating were carried out at different temperatures
900 °C, 1000 °C, 1100 °C, and 1200 °C for 12 h, 24 h, and 48 h. The
measured thickness was compared with the calculated thickness by
using Eq. (13) and it is observed that linear relationship between coating
thickness and time. For all specimens coated with 30 wt% Si and 5 wt%
NaF, an error of 5.5 % was obtained when the error was calculated
during coating at 900-1200 °C for 12-48 h. Also, the errors according to
the Si content and NaF content were 4.5 % and 3.9 %, respectively, as
shown in Fig. 8. Therefore, Eq. (13) is considered to be a good reference
for coating layer thickness modulation for the AIMog sNbTag sTiZr alloy.
In order to measure the oxidation resistance of the optimized coating
layer condition of specimen, an oxidation experiment was performed at
1300° for up to 100 h.

Corrosion Science 219 (2023) 111203

3.4. Oxidation behaviors

To study the oxidation resistance of Si pack cementation on
AlMog sNbTag sTiZr alloy, an isothermal oxidation test in open air were
carried out. Fig. 9 shows the appearance images of AlMog sNbTag sTiZr
alloy specimen (a) before coating (b) after oxidation at 1300 °C for 10 h,
(c) silicide coated specimen and (d) silicide coated specimen after
oxidation at 1300 °C for 60 h. it can be seen that the AIMog sNbTag sTiZr
alloy was oxidized under high temperature conditions to form cracks
and the appearance of the specimen swelled and deformed from its
original shape. However, after coating as shown in Fig. 9(d), the
appearance of the shape of specimen was maintained even under the
same oxidizing condition, and deformation such as cracks or expansion
was not observed in the specimen but color become dark gray.

As shown in Fig. 10, the diffraction peaks of the BCC and B2 phase of
original specimen AlMog sNbTag sTiZr can no longer be seen, indicating
that the alloy substrate has formed a thicker oxide layer on the surface
after being oxidized at 1300 °C for 10 h. It is observed that the oxidation
products consist of complex of oxides of NbyOs (ICDD: 00-009-0372),
Tay0s (ICDD: 01-073-2323), TiO, (ICDD: 01-088-1175), ZrO, (ICDD:
00-001-0750), AlTaO4 (ICDD: 00-041-0347), and AINbO,4 (ICDD: 00-
025-1490). Surprisingly, we observed that there is no any traces of
MoOs formation due to the reason that at higher temperatures molyb-
denum oxides are volatile. To verify the elemental distribution of AL, Mo,
Nb, Ta, Ti, Zr, and O elemental mapping were carried out and Fig. 11 (a)
shows the results of cross-sectional SEM and elemental mapping images
of uncoated AlMog sNbTag sTiZr alloy after oxidized in air at 1300 °C for
10 h. At this condition, specimen losses its shape due to extreme
oxidation and cross-section view at the middle part of specimen. The
higher magnification images from white region and black region shown
in Fig. 11 (b, c). The EDS analysis distinguish specimen layer and oxides
layers which is given in Table 4. It is seen that oxygen contents decreases

Table 5
EDS data Si-coated AlMog sNbTag sTiZr specimen after oxidation at 1300 °C for
20 h.

at% (0] Al Si Ti Zr Nb Mo Ta
1 71.6 19.3 8.9 0.2 - - - -
2 72.4 1.6 23.4 0.6 2.0 - - -

Fig. 13. Surface BSE image and elemental mapping images of Si-coated specimen after oxidation at 1300 °C for 20 h.
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Fig. 14. Cross-sectional BSE image of Si-coated specimen after oxidation at 1300 °C for 100 h.

Table 6
EDS compositional analysis of Si-coated AlMogsNbTag sTiZr specimen after
oxidation at 1300 °C 100 h.

at% o Al Si Ti Zr Nb Mo Ta
1 64.3 0.1 18.5 1.3 11.8 2.1 1.1 0.8
2 28.6 0.1 35.4 2.6 16.3 9.0 5.6 2.3
3 53.0 0.2 20.1 21 16.5 4.8 1.9 1.4
4 8.5 2.0 38.4 12.1 17.6 12.7 4.2 4.6
5 - 36.7 2.3 12.7 29.3 11.1 5.1 2.7
6 - 32.7 - 13.2 4.3 24.4 13.3 121
7 - 52.8 1.0 5.9 28.9 6.3 4.4 0.8

from oxide layer to substrate due to diffusion of oxygen into the spec-
imen. The elemental mapping analysis shows how oxygen penetrated in
to the AlMog sNbTag sTiZr alloy, Mo and Zr elements remained near the
substrate while Nb, Al, Ti, and Ta elements were evenly distributed in the
oxide layer. The complex oxide layers were formed due to the weak
oxidation resistance, so it is difficult to use AlMog sNbTag 5TiZr alloy at
high temperatures.

The XRD pattern of silicide coated AlMogsNbTag sTiZr alloy spec-
imen after oxidation at 1300 °C for 100 h is shown in Fig. 12. It is clearly
seen that from microstructural and XRD analysis upper most layer
consists of Si0O, (00-001-0438) and Al,O3 (ICDD: 00-089-3072), oxides
as well as Nb,Os (ICDD: 00-009-0372), Ta;Os (ICDD: 01-073-2323),
ZrO, (ICDD: 00-001-0750), AlTaO4 (ICDD: 00-041-0347), and AINbO4
(ICDD: 00-025-1490) phases of different oxides. The SiO2 and Al,O3
protect the specimen from the further oxidation which is not observed in
uncoated specimen of AlMog sNbTag sTiZr alloy.

Fig. 13 is the surface BSE image and elemental mapping images of Si-
coated specimen after oxidation at 1300 °C for 20 h. Based on the
elemental mapping analysis, it is seen that SiO, formed on the surface of
specimen due to oxidation and Al,O3 observed which is believed from
the Al;O3 powder used in pack cementation. When the surface was
analyzed by EDS, the larger amount of Al observed in Spectrum-1 and Si
amount found to be larger in Spectrum-2. It is believed that the pro-
tective coating layers consists of SiOy and Al;Os, which protect the
specimen at high temperature oxidizing environment. The EDS analysis
results are shown in Table 5, and the cross-sectional image analysis of
the specimen is shown in Fig. 14 for further analysis.

Fig. 14 shows BSE images of Si-coated specimens after oxidation at
1300 °C for 100 h. The silicide layer and an aluminide layer were
formed on the surface of the specimen due to the silicide coating. It is
considered that the rigid SiO» layers was formed on the surface through
the diffusion under the high temperature oxidation conditions at
1300 °C for 100 h, whereas Si-rich layer, inter diffusion layer, and Al-
rich layer, which were formed during the silicon coatings. And, the Si
and Al contents in the coating layer were decreased, and the reduction of
the Si-rich layer, inter diffusion layer and the Al-rich layer was
confirmed in the mapping analysis. Also, the diffusion of Al in the
interdiffusion layer was confirmed. The EDS analysis results confirms
the high-temperature oxidation occurred with the Si-rich layer, the
inter-diffusion layer, and the Al-rich layer, and which improved oxida-
tion resistance under these conditions, so that the specimen was not
oxidized and maintained its original shape. The EDS analysis results of
the specimen is shown in Table 6.

The cross-sectional elemental mapping images of a Si coated spec-
imen after 100 h of oxidation at 1300 °C were shown in Fig. 15. The
image shows that oxides were formed at the surface, and a silicon-rich
oxide was observed. The presence of silicon-rich oxide protected the
coated alloy compared to the uncoated alloy specimen. Furthermore, an
aluminum rich layer was observed adjacent to the substrate which is
attributed to coming out Al from the surface of substrate alloy. However,
aluminum was detected at the surface, which could be recognized to the
presence of alumina powder [37].

The cross-section of the silicide-coated AlMogsNbTag sTiZr alloy
specimen was analyzed after oxidation at 1300 °C for 100 h to deter-
mine the different phases formed, as shown in Fig. 16. It is quite evident
that the B2 and BCC phases are dominant in the specimen, as confirmed
by the XRD peaks. This is because the specimen was exposed to the x-ray
beam during the analysis. The presence of SiO3, MoO3, and ZrO, phases
suggests that the oxidation of the specimen occurred at the surface. The
Si-rich layer, which was observed to be larger than any other layer,
could be attributed to the silicon coating process. The XRD peaks from
NbSi, and MoSi, belong to the interdiffusion layer formed during the
silicon coating process could be attributed to the reaction between the
silicon coating and the underlying alloy substrate.

The cross-sectional line EDS analysis of the silicide-coated
AlMog sNbTag sTiZr alloy specimen after oxidation at 1300 °C for
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Fig. 15. Cross-sectional elemental mapping image of Si-coated specimen after
oxidation at 1300 °C for 100 h.
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Fig. 16. Cross-sectional XRD pattern of Si coated AlMogsNbTagsTiZr alloy
after oxidation test at 1300 °C for 100 h.
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Fig. 17. Cross-sectional line EDS profile of Si coated AlMog sNbTag sTiZr alloy
after oxidation test at 1300 °C for 100 h.

100 h is presented in Fig. 17. The line EDS was measured from the outer
side of the specimen to the inner side. In the cross-sectional images,
different layers were observed within 0-400 ym distance from the sur-
face of the specimen. The line EDS analysis indicates that the elemental
concentrations were rather constant after 400 um, but the concentration
of elements such as Si, Al, and O varied within 400 um due to silicon
coating and oxidation at 1300 °C. During the silicon coating process, Si
diffusion occurred at the interface with the specimen, and Zr, Mo, and Al
elements from the surface of the specimen diffused into the Si layer.
Interestingly, the Al element was trapped just under the Si layer,
resulting in a higher concentration of Al at 300-350 pym. The Aluminium
was also observed at the surface, which may have been from the Al,O3
powder used during the pack cementation process. The concentration of
oxygen was higher at the surface and decreased from the outer to the
inner side, suggesting that the coating process was used to protect the
AlMog sNbTag sTiZr alloy from oxidation.

The x-ray photoemission spectroscopy (XPS) technique is used to
understand the chemical oxidation states and the ligand coordination of
AlMog sNbTag sTiZr alloy specimen. The high resolution XPS spectra
with deconvoluted peaks using XPSpeakfit41 software with an iterative
Shirley-type background subtraction for Si, Mo, O, Zr, Nb, Al, Ti, and Ta
given in Fig. 18. The deconvoluted XPS spectra for Si 2p3,5 shows two
different peaks at binding energies 98.4 eV and 102.3 eV which are
corresponding to Si and SiO5 [37,38]. Similarly, XPS spectra for Al 2ps,»
shows two distinct peaks at 71.3 eV and 74.1 eV which confirms the
presence of metallic Al and Al»Os3, respectively [39]. However, Zr 3ds,
Nb 3ds/2, Ti, 2p1/2, Ta 4d3/2, and Mo 3ds,» spectra shows the oxidation
state of respective elements into the specimen.

The mass increase of an uncoated and coated AlMogsNbTag sTiZr
specimens with different oxidation times is shown in Fig. 19. Inset of
figure shows mass gain for uncoated specimen for 10 h oxidation time.
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Fig. 18. High-resolution XPS spectra of Si 2p, Mo 3d, O 1 s, Zr 3d, Nb 3d, Al 2p, Ti

after oxidation at 1300 °C.

The weight gain per unit area due to oxidation was 16,818 mg?/cm?,
whereas the coated specimen showed weight gain of 60 mg?/cm*,
183 mgz/cm4, 439 mgz/cm4, 647 mgz/cm4, and 710 mgz/cm4, respec-
tively. It is seen that as the oxidation time increased, the weight increase
per unit area increased, but the difference in the amount of mass gain
change was smaller than the uncoated specimen. These results confirms
that Si coated AlMogsNbTag sTiZr specimen improves oxidation resis-
tance at high temperature and thus its use for different application at
elevated temperature.

The schematic representation of the AlMog sNbTag sTiZr alloy spec-
imens, including as-cast, after oxidation test, silicide-coated, and
silicide-coated after oxidation, are shown in Fig. 20 (a-d). The as-cast
specimen exhibited weak oxidation resistance when exposed to high
temperatures, and a thick oxide layer was clearly visible. In the silicide-
coated specimen, different layers were formed on the alloy, including a
Si-rich layer, an interdiffusion layer, and an Al-rich layer that emerged
from the specimen. The formed coating layer is expected to act as a
protective layer at high temperatures after the oxidation experiment.

11

Binding cocrgy (eV)

2p and Ta 4d for cross-sectional XPS of Si coated AlMog sNbTag sTiZr specimen

The SiO, rigid layer formed as a result of the oxidation of Si component
from the specimen, at 1300 °C. However, the AlyO3 is probable to form
from the alumina powder, and solutioned with SiO,, resulting to form
aluminosilicate [40]. The cross-sectional XRD, line EDS, elemental
mapping, and XPS results support the different layers proposed in the
schematic figure. The formed SiO» rich oxides protective layers which
plays an important role in protecting the AlMogsNbTagsTiZr alloy
specimen at high temperature.

4. Conclusions

In summary, a novel refractory high entropy alloy, AlMog sNbTag s.
TiZr, was successfully prepared using arc melting and silicon coatings
via the pack cementation method for the first time. By increasing the
coating time at 1100 °C produced a silicide coating layer with good
adherence on the AlMog sNbTag 5TiZr substrate and adequate thickness.
Structural analysis confirmed the formation of AlMogsNbTag sTiZr,
silicide layer formation after pack cementation, and complex oxides,
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Fig. 19. Graph of mass gain of uncoated and coated AlMogsNbTag sTiZr
specimen with different oxidation time.

including AINbO4, TiOo, SiO2, AlxO3, and NbO,, after oxidation testing
at 1300 °C for varying time periods. When analyzing the growth kinetics
of the coating layer, the amount of coating element Si as a source and
NaF as an activator inside the pack cementation, as well as the coating
temperature and time, were considered. The optimized amounts of Si
and NaF were found to be 30 wt% and 5 wt%, respectively, with 65 wt%
Al,Os for all experiments. This is a condition to obtain a suitable coating
layer, and even if the weight ratio of Si:Al,O3:NaF is not necessarily

As-cast

AlMo, NbTa, TiZr

Si rich layer
Inter diffusion layer
Al rich layer

AlMo, sNbTa, ;TiZr

Silicide coated

Corrosion Science 219 (2023) 111203

30:65:5, a coating layer with the same thickness can be obtained by
adjusting the time and temperature. The coating temperature range was
between 900 and 1200 °C, and the estimated average growth constant
coefficient (kO) and activation energy (Q) were 96,823 pm/hl/ 2 and
117 kJ/mol, respectively. The coating condition was optimized for
temperature and time at 1100 °C and 48 h, resulting in the best coating
layer thickness. The mathematical equations were used to determine the
coating layer thickness based on variables such as temperature and time,
and the values derived from calculation and experimentation were
almost identical. The EDS analysis revealed a bright region containing
oxides rich in Mo, Nb, and Ta, corresponding to the BCC phase, and a
dark region containing oxides rich in AL, Ti, and Zr, corresponding to the
B2 phase. The comparison between coated and uncoated specimens
gives an idea of the usefulness of silicon coatings on the AlMog sNb-
Tag sTiZr alloy. The cross-sectional XRD, elemental mapping, line EDS,
and XPS analysis confirms the different layers formed during coating
and oxidation process. The mathematical equations used in this study to
understand coating layer growth kinetics can provide guidelines when
selecting coating parameters. Therefore, it is believed that the
AlMog sNbTa sTiZr refractory high entropy alloy coated with silicon by
the pack cementation method will be useful at 1300 °C.
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