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Abstract. Effect of SiO addition on aluminides formation in a single-step high-activity pack
aluminization on Incoloy 800HT is studied. SiO» powder was added into pack aluminizing
mixture at different theoretical ratios of the reduced Si and the remained Al, i.e. Si/ (Si+Al),
in range of 0-37.5 at.%. Aluminization was carried out at 1,000°C for 4 h. Microstructutes,
chemical compositions and phase evolution of the coatings were examined using scanning
electron microscope (SEM), energy dispersive spectroscope (EDS) and X-ray diffractometer
(XRD). For the undoped condition, the coatings showed three layers: (i) an outer layer as a
mixture of various Al-rich intermetallics, (i) a hyperstoichiometric 3-(Fe,Ni)Al middle layer
and (i) an interdiffusion zone; it implies the formation is governed by Al inward diffusion.
Although aluminides of the Si-doped specimens still showed three-layers structure, low Al
content intermetallic prevailed in the outer layer while a thickness significantly decreased
with higher SiO; content. Silicon was found either as the dissolved Si in aluminide coatings
and Si segregation at the interdiffusion layer or as separated domains in -(Fe,Ni)Al layer
with restricted concentration. The results emphasize a possibility of Al-Si co-deposited
single-step aluminization using SiO, as silicon source along with a reduction in the
thermodynamic diffusing Al activity.
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1. Introduction

Superalloys are widely used in petrochemical heat
exchangers, power plants or aviation industries where the
service temperature is significantly high. Incoloy 800HT is
an iron-based superalloy which exhibits good creep
resistance, high rupture strength and a satisfactory high-
temperature oxidation resistance due to their Cr20;
protective scale [1]. The alloy is therefore used in power
plants or petrochemical heat exchangers as materials for
boilers, superheaters and reheaters [2, 3]. Nonetheless, a
chromia scale deteriorates into a volatile CrO3 when it is
exposed to a temperature above 900°C [4, 5]. Another
volatile CrO2(OH)2 can also be formed by a reaction
between Cr;O3 with a humid environment; it causes an
insufficient of Cr and produces a thick Fe-Cr oxide scale
with an inferior protectiveness [5]. Among several oxide
formers, an alumina is remarkably stable at high
temperature more than 900°C and volatilization rate in
steam is lower as comparing with Cr2Os3 [5]. Aluminization
is simple yet effective surface modification of metallic
alloys by a formation of intermetallics, so-called metallic
aluminides, as the Al-rich sources, providing a protective
AlOs scale during services. Metallic aluminides can be
prepared by several methods such as pack aluminizing,
slurry aluminizing, hot-dip aluminizing and chemical
vapor deposition aluminizing (CVD) [6]. Among these
methods, a pack aluminizing is advantageous because it
can produce thick and continuous metallic aluminide
layers [7-10]. For pack aluminizing, chemical compositions,
mechanical toughness and protectiveness of the
intermetallics are governed by diffusions of Al and
metallic elements from the substrates. For pure Ni or Ni-
base alloys, although a relative brittle Al-rich 3-Ni2Als
aluminide can be eliminated by a post heat treatment or
high-temperature low-activity (HTLA) aluminization [11,
12], an inconvenience and a formation of Kirkendall”s
voids are still their disadvantage, respectively. Since Fe and
Ni can form intermetallics with Al which have different
properties, a phase existence of the aluminized layers must
be taken into consideration, especially for Fe-base
superalloys.

A modified aluminization by co-deposition of minor
active elements such as reactive elements (REs), Si and Cr
have been studied and developed in order to further
improve oxidation resistance of aluminide coatings. The
improvements are suggested to be due to (i) a selective
oxidation of elements forming the protective scale, (i) a
reduction of scale growth rate at elevated temperature and
(iii) an enhanced adherence of oxide scale on intermetallic
coatings [13-16]. Co-deposition of Al and minor elements
using pure metallic powders were reported to be extremely
difficult because of a large difference in the standard
Gibbs energies of formation for each metal halides [17].

A co-deposition of silicon with a single step high-
activity pack aluminizing using both pure Al and Si as
elemental sources has been investigated in [14, 18, 19]. It
was reported that aluminide layer is formed by Al inward
diffusion and consisted of Al-rich intermetallics due to

high Al activity. Therefore, any approach that reduces Al
activity is suggested to pronounce a formation of
stoichiometric aluminides, i.e. B-NiAl or B-FeAl, with
desirable high ductility and melting temperature.
Expensive masteralloy had been utilized as elemental
sources for reducing Al activity. [20] A co-deposition
single-step high-activity pack aluminizing using SiO2 and
Cr203 as the minor elements source was conducted on low
carbon steel and low alloy steel |21, 22]. SiO; and Cr20O3
can be reduced by a presence of metallic Al since Al,Oj3 is
thermodynamically stable as compared to SiO; and Cr2O3
[23], resulting in extracted elemental Si or Cr which further
react with activator and form their metal-chloride gaseous
species. A consumption of Al powders by the mentioned
reactions leads to a favorable reduction in Al activity [21,
22, 24]. Surface Al concentration on the aluminized layers
on low carbon steels was found to decrease with increasing
content of SiOzin the pack mixture with the saturated Si
concentration around 4.5 wt.% [21]. The influence of SiO;
on the growth of intermetallics produced by pack
aluminization has not, however, gained research attention
recently.

Since both Ni and Fe are energetically favorable to
form aluminide compounds [25], an investigation on the
effect of SiO, content on phase evolution of the Si-
modified aluminides on Incoloy 800HT substrate in which
Ni and Fe concentrations are comparable enables the
process development which produces stoichiometric
aluminides incorporated with alloying element-of-interest
without additional heat treatment, especially for Fe-based
alloys with high Ni content that widely used in industries
suffering high-temperature oxidation. In the study,
microstructures and chemical compositions of aluminide
coatings prepared using different SiO, contents in the
pack mixture powder were examined and the phase
evolution was discussed.

Table 1. Nominal composition of Incoloy 800HT [1].

Element wt.%

Fe Balance
Cr 19.00-23.00
Ni 30.00-35.00
C 0.06-0.10
Al 0.25-0.60
Ti 0.25-0.60

Al +Ti 0.85-1.20

2. Experimental Procedure

Incoloy 800HT plate whose chemical composition is
listed in Table 1 were cut with the dimension 10X10%3
mm?. Substrates were polished with a 600-grit sand paper
and then ultrasonically cleaned prior to an aluminization.
Pack aluminizing mixture consisted of the AR-graded Al
powder (Himedia, India), the AR-graded NH4Cl activator
(Kemaus, Australia), the AR-graded fumed SiO» powder
(Kemaus, Australia) and a commercially pure ALO;

2 ENGINEERING JOURNAL Volume 26 Issue 4, ISSN 0125-8281 (https://engj.org/)



powder as an inert filler. The pack mixture was weighed
according to the compositions listed in Table 2. A detail
on calculation for component contents is given in
Appendix. The powders were mixed thoroughly a zip-lock
bag containing ZrO; balls for 5 min. Refractory alumina
crucibles were separately used as a retort for each pack
composition. Incoloy 800HT substrates were submerged
in the pack powder while an additional Al,O3 powder was
filled up the crucible before sealing an alumina lid with an
air-dry refractory cement. Aluminization was conducted in
a quartz tube furnace purged with an industrial Ar gas ata
rate of 3 L/min as the following steps: (i) a moisture-
removal at 100°C for 5 min, (ii) an aluminizing period at
1,000°C for 4 h with a heating rate of 5 min/°C and (iii) a
furnace cooling where Ar gas was kept being supplied
during cooling down to 600°C to prevent the unexpected
oxidation. Cross sections of the aluminized specimens
were observed using a Hitachi SU3500 scanning electron
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microscope (SEM); the equipped HORIBA X-MaxN
Silicon Drift X-Ray Detector (SDD) 20 mm? energy
dispersive spectroscope (EDS) was used for chemical
analyses. Phase identifications of the aluminized layer was
examined by a BRUKER D8 DISCOVER X-ray
diffractometer (XRD) using Cu-Ko line with a fixed
incident angle of 5° and a scanning speed of 2°/min.
Sequential polishing with specified thicknesses was
performed to reveal each aluminized layer where a time
gap between the polishing and the XRD measurement was
about 1 h. ICSD of the reference patterns used in the study
are as follow: FeNiAls (#00-047-1183), Fe,Als (#00-047-
1435), NiAls (#00-014-0648), FeAl (#00-045-0983), NiAl
(#00-044-1188), FesAli3 (#00-050-0797) and (Cr,Fe)sAls
(#00-051-0960).

Table 2. Pack compositions used in the study. The nominal ratio was calculated based on the reaction: 4Al + 3510, =

2A1L,O3 + 38i.

Sample .
SlOz
Al (wt%) " NH.Cl(wt%)  ALOs(wt%)

Name Si/(Si+Al) ratio (at%) (wto)

AL-0Si 0 10.00 0.00 2.00 83.00
Al-12.58i 12.5 10.00 2.67 2.00 85.33
AL-25.08i 25.0 10.00 5.14 2.00 82.86
AL-37.58i 375 10.00 7.43 2.00 80.57

Table 3. Chemical composition of coating layer from EDS point analyses. Reference ternary phase diagrams are cited

in the square bracket.

Spectrum Elements (at%)
Sample Expected phases
point Al Fe Ni Cr Si Ti
Undoped 1 76.30  13.22 627 411 - 0.1 FesAlis [15-17]
2 72.80 1111 10.15 5.92 - - 12-FesNiAlyg [15-17]
3 53.63 2278 1390 9.12 - 0.5 B-(Fe,ND)AI[15]
Al-12.581 1 59.65 279 3587 094  0.75 - Ni2Al; [15]
2 069.60 16.06 7.17 563 154 - 12-FesNiAl [15-17]
3 5252 2394 13.69 883 1.03 - B-Fe,N)AI[15]
4 52.89 23.00 1471 857 0.83 - B-Fe,NiAL [15]
5 57.65 18.62 0.99 20.66 2.08 - (Cr,Fe)sAlg [14]
Al-25.081 1 68.47 1691 653 573 240 - 12-FesNiAlj [15-17)
2 5345 1790 836 1496 242 29 B-Fe,NpAI [15]
3 56.51 16.24 133 2223 3.67 - (Cr,Fe)sAlg [14]
Al-37.581 1 67.74 1699 6.67 610 251 - 12-FesNiAlyg [15-17)
2 52.02 2273 14.62 895 1.68 - B-Fe,NiAL[15]
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Fig. 1. Back-scattered SEM images of aluminide coating layers obtained from (a) undoped, (b) Al-12.5Si, (c) Al-25.08i
and (d) Al-37.5Si.
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Fig. 2. Thickness of aluminide coating layers.

3. Results and Discussion

3.1. Aluminizing on INSOOHT

For the undoped aluminizing, the cross-sectional
images of the obtained layers with corresponding EDS
locations are displayed in Fig. 1(a) whose quantitative
analyses are listed in Table 3. The coating consisted of
three layers with clear boundaries whose thicknesses are
86.05£1.73 um, 32.74%1.60 um and 9.73%1.92 um,
respectively. Two sub-layers in the outer layer were
observed (spectrum 1 and 2). According to EDS results,
they exhibited a different ratio of Fe:Ni whereas a
concentration of Al is high and nearly constant. Figure 3
showed XRD patterns of the coatings at different
positions. The results revealed the outer layer (0-60 um

ENGINEERING JOURNAL Volume 26 Issue 4, ISSN 0125-8281 (https://engj.org/)



DOTI:10.4186/¢j.2022.26.4.1

depth) are a mixture of Al-rich iron aluminides, i.e. Fe4Ali3,  in the inner region was due to a limited solubility of Ni in
FesAls and t2-FesNiAlyo. Peaks of CrsAlg are likely to be  FezAls than which in FesAls.

attributed to (Cr,Fe)sAlg [26]. According to a Fe-Ni-Al

diagram [27-29], an emergence of Ni2Al; and 12-FesNiAljo
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Fig. 3. XRD spectra from various depths from the surface of the undoped specimen.
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Fig. 4. XRD spectra on surface of Si-doped specimens.

The middle layer was assigned to be
hyperstoichiometric 3-(Fe,Ni)Al as indicated by its strong
peaks at 92 um position (Fig. 3(e)) and EDS analysis
(Spectrum 3 in Fig.1(a)). At the interface between outer
layer and middle layer, a formation of chromium
aluminides might be due to the rejected Cr as its solubility
in FerAls and 1-FesNiAlyg is lower than that in
hyperstoichiometric B-(Fe,Ni)Al [26, 30].

Regarding to the results, an aluminization is initially
governed by an inward diffusion of aluminium, resulting
in Al-rich intermetallics. Formation of Al-rich iron
aluminides is due to a low concentration of nickel in
INS8OOHT; this phenomenon was reported in the
aluminized higher Ni-content IN825 alloy [31].
Meanwhile, an outward diffusion of Ni from the substrate
produces the interdiffusion zone (IDZ) layer [8, 24, 32].
The layer of FecAly adjacent to the IDZ is therefore
enriched with Ni, allowing a hyperstoichiometric §-
(Fe,Ni)Al to be formed [27-29] and grew outwardly.
Microstructures are identical to those subjected to a single-
step high-activity aluminizing using pure Al powder [8, 24,
32].

3.2. Influence of Addition SiO; on Aluminizing

SiO; powder was added into the pack with different
concentrations: 12.5 at.%, 25.0 at.% and 37.5 at.% . The
ratio of Si/(Si+Al) was calculated based on the reduced Si
and the remaining Al from the following reaction: 4Al +
3810, = 2A1,05 + 3Si. Microstructures of the Al-12.5Si,
the Al-25.08i and Al-37.551 are illustrated as Fig. 1(b)-(d),
respectively. A triple-layered structure was still obtained,
while the middle layer of all conditions is 3-(Fe,Ni)Al,
among 3 doping conditions. The EDS and XRD results
(Table 3 and Fig. 4(a)) indicated that outer region of Al-
12.5Si specimen exhibits a peculiar structure consisting of
NizAls  (spectrum 1), 712-FesNiAlp (specttum 2), (-
(Fe,Ni)Al (spectrum 3) and (Cr,Fe)sAls (spectrum 5). This
might be due to competitive diffusions of each species.
Meanwhile, the outer layer Al-25.0S8i and Al-37.5Si
specimens consist of 12-Fe3NiAljo. As the mentioned EDS
and XRD results, it can conclude that Al content at surface
of aluminide coating decreased. In aspect of thickness, the
middle B-(Fe,Ni)Al layer became the thickest component
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Fig. 5. XRD spectra from various depths from the surface of the Al-258i specimen.
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Fig. 6. EDS line scan analysis of (a) Al-12.55i, (b) Al-25.0S1 and (c) Al-37.58i. (Online-color).

while the IDZ was slightly thicker. The thickness of Al-
rich outer layer reduced with greater amount of SiO»
incorporation in the pack mixture. A total thickness then
decreased in the highly doped Al-37.5S8i specimen (Fig. 2).
These observations are in accordance to the reported
results [21]. Therefore, an addition SiO; into the pack can
decrease the diffusible Al content due to a reduction
reaction [21, 22, 24]. Applying the same analysis, XRD
patterns at various depths of Al-25.0Si specimen were
obtained as Fig 5. The result emphasizes the thickest
middle layer was hyperstoichiometric 3-(Fe,Ni)Al similar
to that of the undoped condition despite the fact that its
chemical composition should be assigned as (Cr,Fe)sAlg
[14]. The results point out that the formation of aluminide
intermetallic coatings of SiOz-added pack aluminizing was
also governed by predominate Al inward diffusion as
similar as the undoped condition discussed earlier.
Regarding to EDS results (Table 3), it was a limited
dissolved Si with in aluminides with the concentration less
than 5 at.% which is consistent to the phase boundaries of
Al-rich FeAly intermetallics in Fe-Al-Si and Cr-Al-Si
ternary diagrams [33, 34]. This is consistent to the
observed Si profiles in the Si co-deposition pack
aluminized samples [14, 19, 21]. Since silicide
intermetallics was undetected in XRD spectra at various
depths (Fig. 4 and Fig.5), it could imply that Si was
incorporated in forms of solid solution. High-contrasted
regions presented in the thickest middle 3-(Fe,Ni)Al layer
from the Al-25.0S1 and the Al-37.551 specimens were an
attributed to segregation of Cr and Si as shown in Fig. 6
This is in good agreement with the EDS point analysis of
Spectrum 3 from the Al-2551 specimen. Besides, one may
notice that Si is also likely to enrich at the IDZ.
According to the results, it is clearly evident that SiO»
powder in the mixture can be reduced by Al powder
during aluminizing process [21, 22], resulting in the
available elemental Si to further react with chloride
activator and formed SiH\Cly gases. The deposition of Si

into the substrate or aluminide layers by SiH(Cl, gases is
likely to be analogous to pack siliconizing [35, 30].
However, a significant low Si concentration in the
aluminides coating might also be due to the relative lower
partial pressure of SiH\Cly than those of AlCI, [20, 36, 37].
As the content of SiO; in in the pack increased, a
preferential growth of intermetallics with lower content of
Al and a lower Al concentration in the outer layer
emphasize that, in this study, a thermodynamic activity of
Al can be beneficially suppressed using SiO2 powder by
either a reduction reaction or a change in SiHCly:AlCl,.
This provides an explanation of a reduction in total
thickness of the Al-37.5Si specimen, as also reported in
(38].

A growth of the interdiffusion is reported to be
controlled by an outward Ni diffusion [19]. In the study, a
slight increase in thickness of the Si-containing IDZ layer
might indicate an enhancement of Ni diffusion by Si. This
correlation is interesting to further.

4. Conclusions

The effect of SiOz content for pack aluminized
INS8OOHT were established in this study as follow:

1. The undoped aluminide coatings consisted of 3
main layers: (i) the thickest outer layer consisting of Al-
rich  Fe(Aly  compounds, (i) the  middle
hyperstoichiometric  3-(Fe,Ni)Al and (iii) the inner
interdiffusion layer. Cr was rejected from Al-rich Fe Al
compounds because of its limited solubility and formed
chromium aluminide (Cr,Fe)sAls on outer layer and
interface between outer layer and middle layer. Itis a result
of a single step high-activity pack aluminizing as governed
by a predominate inward Al diffusion.

2. Addition SiO; on a single-step high-activity
aluminizing pack cementation process decreased Al in
pack mixing and the thermodynamic activity of diffusing
Al species, especially for moderate- and high Si specimens.
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3. Aluminide coatings from SiOz-added conditions
also composed of three layers where the thickest layer was
the middle B-(Fe,Ni)Al layer where the outer layer was
diminished.

4. The Al-Si co-deposition in a pack cementation
aluminizing using SiO7 as a silicon source is possible.

5. A limited amount of Si (<5 at.%) was dissolved in
aluminides with its segregation observed in separated
region in B-(Fe,Ni)Al and the IDZ.
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Appendix

Theoretical ratios of Si/(Si+Al) and the required
amount of powders in the pack.

Let us consider the Al is consumed as x mol, the
remaining Al is y mol and the obtained Si is g mol.
Consider the reduction reaction: 4Al + 3Si0O, = 3Si +
2A10;. It requires Al of 1.33 mol to be used per a mole
of the Si obtained,

x =133z 1
For all conditions in the study, the content of Al in the
packis constantat 10 g. It is equivalent to 0.3704 mol since
an atomic weight of Al is 27 g/mol,
x +y=0.3704. @)
From Eq. (1) and (2), it yields,
0.3704 — 1.333=y. 3)

As the example, for the Al-12.581 (Doped Si 12.5at%)
condition,

z/(+3) = 0.125. @
Applying Eq. (3) into Eq. (4), the obtained Si (3) and the

remained Al () in the pack can be determined based on a
basis of 0.3704 mol of Al as follow,

2= 0.04457 mol,

y=0.3111 mol.
Since a mole of SiOz is needed per a mole of Si, an amount
of SiO; required can be readily calculated by multiplying %

with a molecular weight of SiO2 of 60.08 g/mol; it yields
2.67 g.

——— § Gh—
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