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Aluminium coating due to its ability to form stable alumina oxide scale are commonly used to protect materials such as
inconel 718 superalloys at high operational temperatures. Relevant properties of the oxide scale formed; growth rate and
coating adherence is not only determined by the composition of the coating material used but is also influenced by the
coating manufacturing process and the test condition. In the present work, effect of water vapour and thermocycling
commonly prevailing on the morphology and composition of the alumina scales formed during high temperature oxidation
was studied using hot-dip and plasma spray aluminium coatings. The coatings highly improved oxidation resistance of the
alloy substrate with hot dip coating showing the lowest mass change compared to plasma spray. The results also show that
the hot-dip coating has an inherently different morphology and growth rate compared to those formed on the plasma spray
coating. High rate of oxidation, spallation and large voids with little protective alumina oxide layer were observed in moist

condition test especially in plasma spray coatings.
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1. INTRODUCTION

Nickel based inconel (IN) 718 superalloy is widely used
in aerospace, nuclear, chemical and tooling industry due to
its excellent tensile strength, impact strength, creep
resistance, oxidation and corrosion resistance at extremely
high application temperatures [1—4]. Solid solution and
precipitation hardening are two main mechanisms known
for strengthening of nickel-based superalloys [5]. IN 718 is
thus a precipitation strengthened nickel-based austenite
superalloy where the particles y' (NisAl)) and y” (NisNb)
both precipitates simultaneously or sequentially above
550 °C, depending on the chemical compositions of Ti, Al
and Nb [6, 7]. Common phenomenon reported is that y’
precipitates out first from y - matrix, then y” phase nucleates
heterogeneously at the y'/ y interface and tends to merge
with y' particles creating a y'/ y” co-precipitates [8, 9].
When exposed to temperatures above 650 °C, the
metastable y” particle transforms to the detrimental stable &
phase which precipitates at the grain boundaries. Studies
shows that a -Cr also forms in addition to delta & phase and
is attributed to the depletion of Ni and an enrichment of Cr
as a result of Cr rejection during delta & phase formation.
However high content of Cr leads to the reduction of creep
strength. The &- phase which is a major phase in such high
temperatures is also attributed to loss of mechanical
properties such as ductility, creep resistance and hardness
[10-13].

IN 718 develops chromia protective oxide layer when
exposed to high temperature oxidizing conditions.
However, such protective oxide is susceptible to cracking
and subsequent spallation leading to breakaway oxidation
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especially under thermal cycling condition. With prolonged
oxidation at high temperatures, aluminum is found to
precipitate as an internal oxide beneath the chromium oxide
scale. Other elements such as manganese which is found to
be incorporated into the scale as MnCr,0; is reported to
improve oxide adherence as well as reducing chromium
evaporation rate by lowering vapour pressure of CrOs [14].
Titanium just like aluminum has got high affinity of oxygen
and thus have a strong tendency to form an oxide.
Formations of NiCr,O4 and NiFe;O4 spinels are however
reported to increase the Pilling-Bedworth ratio for Cr
oxidation which contributes to lateral spallation of oxide
scale [15].

The efforts to improve temperature stability of IN 718
has been going on with main focus on surface modification.
Several surface modifications techniques are categorized as
either surface treatments or surface coatings. Electro-
polishing, heat treatment, shot peening, sandblasting, laser
or chemical passivation are some of the surface treatments
commonly carried out whose aim is to have energy stored
on the surface region of the material in form of dislocations.
Some of the surface coatings employed are cladding,
sputtering, ion-implantation, pack cementation, micro-arc
oxidation, thermal spray and hot-dip coating among others
[16 —19]. Surface coatings mainly thermal-spray and hot-
dip coatings have recently found increasing use especially
for high-temperature engineering applications due to their
affordability and ease of use even in complex parts.
Furthermore, they have added advantages such as time
effectiveness, short processing time, flexibility among
others. Aluminum is the consumable material commonly
used for surface coatings during hot-dip or plasma spray due
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to its ability to form a stable alumina oxide scale [15, 20].
This article therefore is aimed to study the performance of
hot-dip and plasma spray aluminium coatings under cyclic
oxidation in dry and in moist vapour condition.

2. EXPERIMENTAL DETAILS
2.1. Sample preparation

Nickel based IN 718 superalloy specimens of chemical
composition shown in Table 1 were sectioned to rectangular
sizes of 15mmx15mmx2mm using water-cooled
abrasive cut-off wheel. Specimens were mechanically
ground to 800 grit SiC papers then holes of about 1.5 mm in
diameter were drilled for suspension during hot-dip coating.

Table 1. Chemical composition of Inconel 718 used in this

research
Element | Ni Cr Fe Ti Si Al | Nb | Mo
wt.% |Bal. |18.46|17.82|1.07| 0.38 | 0.46 | 5.52 | 2.83
at% | Bal. | 20.58 | 18.66 | 0.82 | 0.46 | 0.71 | 3.65 | 1.73

2.2. Specimen coating

All abraded and polished specimens were degreased
ultrasonically in acetone for five minutes, then cleaned in a
solution of 10 wt% NaOH and 15vol.% H3PO, for
15 seconds and finally rinsed in fresh water, ethanol and
dried. After cleaning, flux coated specimens were immersed
into a molten bath of pure aluminum (99.5 wt.% Al)
maintained at 700 °C for only one minute. Immersion and
removal speed from molten bath was 15 cm/min.
Aluminized hot-dipped specimens were then cleaned to
remove oxide flux attached to the surface using solution of
nitric, phosphoric acid and water in a 1:1:1 volume ratio at
25 °C, then finally rinsed in fresh water, ethanol and dried.
Commercially pure aluminum (99.5 wt.% Al) was used as a
spray consumable to create a coating on sand blasted and
ultrasonically cleaned surfaces of IN 718 specimens for
plasma spray coatings. Gas flow rate of 4.2 m%h at 5500 °C
with particle velocity of 240 m/s and spray rate of 2.5 kg/h
were used.

2.3. Oxidation test

Bare and aluminium coated IN 718 specimens were
cyclically oxidized inside a horizontal tube furnace at 650
and 750 °C in both dry air and moist air by passing dry
carrier gas to the hot chamber zone at a flow rate of
200 cc/min maintained at 1 atm. For cyclic oxidation under
water vapour condition, moist air was supplied to oxidation
zone by passing dry carrier gas through hot water bath kept
at 76 °C with vapour prsseure of about 0.397 atm. The
specimen exposure time was 10 hours in hot chamber and
30 minutes in room temperature a cycle for up to 90 hours
(9 cycles) in hot chamber. Specimens were picked after each
cycle for average mass change measurements using
precision electron balance (Mettler Toledo) with an
accuracy of 0.1mg so as to assess high-temperature
performance of the aluminium coatings on IN 718 alloy.

2.4. Cross-sectional and surface

characterization

Characterization of the surface morphology and cross-
sectional microstructure were carried out using JEOL JSM-

morphology
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6390 scanning electron microscopy (SEM), while the
distributions of elements in various solid phases were
analyzed using an energy dispersive X-ray spectroscopy
(EDS) and electron probe microanalysis (EPMA). Phase
analysis of oxidation scales and corrosion products on
surfaces of the bare and aluminized coated specimens were
conducted using Bruker D2-Phaser X-ray diffraction (XRD)
machine with a range of 20° <20< 80° diffraction angle at
steps of 0.02/step. Diffraction patterns from XRD data were
analyzed using DIFFRAC.EVA software.

3. RESULTS

3.1. As-deposited aluminium coating specimens

Cross-sectional micrograph, surface morphology and
XRD patterns of as coated aluminized hot-dip and plasma
spray alloy specimens are given in Fig. 1.
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Fig. 1. Cross-sectional micrograph, SEM surface morphology and
XRD pattern of as coated aluminized alloy IN 718: a, c,
e—hot-dip; b, d, f—plasma spray specimens respectively

The coating on the hot-dip specimen adhered firmly to
the IN 718 substrate with no signs of cracks, porosities or
delamination as seen in the cross-sectional micrograph of
Fig. 1 a. The 1% layer on top of the coating comprise of a
dark-grey compact aluminum phase with a thickness of
approximately 30 um. The 2" layer consists of light-grey
NiAl; phase with a thickness of about 60 um formed at the
interface between the substrate and the aluminum layer. The
amount and depth of the inter-diffusion phases formed were
determined by the hot-dip duration, the activity of molten
aluminum on the outer zone of the coating and the activities
of nickel among other minor elements on the substrate side.
The cross-sectional micrograph for plasma spray coating in
Fig. 1 b shows that only one layer of aluminum coating
formed on top of the substrate. The aluminum coating layer



formed consists of deposited splats with presence of some
Al>O3 oxides and voids ingrained at the grain boundaries of
the deposited splats. Surface morphology of as-coated hot-
dip specimen consists of aluminium grains as in Fig. 1 c.
The grains contain oxides of Al,O3 on the ridges while the
crater region and entire surface is mainly made of aluminum
layer with presence of some intermetallic phases of NiAlz as
determined by EDS analysis. The X-ray diffraction (XRD)
analysis of as-coated hot-dip specimen depicted in Fig. 1 e
also indicates that the surface structure consists mainly of
aluminum layer with some peaks of Al,Oz and NiAls.

The surface morphology for plasma spray coating
shown in Fig. 1 d consists of irregular grain boundaries with
existence of some voids and pores. Both EDS analysis and
XRD pattern results given in Fig. 1 f indicates that surface
morphology of plasma spray coating consists mainly of
aluminum layer.

3.2. Kinetics of oxidation

The kinetics of cyclic oxidation curves for bare IN 718
superalloy and aluminized coatings done in dry and moist
air at 650 °C and 750 °C respectively are given in Fig. 2.
The mass changes during thermal cycling of all tested
specimens both in dry and moist air indicates that the rate of
oxidation increased with both the duration and exposure
temperature. The mass gain for uncoated specimens in dry
air exhibited highest rate of oxidation. The mass changes in
all conditions and temperatures are higher during the early
stages of oxidation but changes to steady state with
increased exposure time. During early stages of oxidation,
rapid formation and growth of protective oxide scale
inhibits inward diffusion of oxygen and outward diffusion
of alloy ions. It is also evident that both the hot-dip and
plasma-sprayed coatings improved oxidation resistance of
the alloy. In terms of mass changes, no significant difference
in performance of the two different aluminum coatings
namely hot-dip and plasma-spray was observed compared
to bare substrate. However, hot-dip coatings with the lowest
mass change demonstrated that it is slightly much better
than plasma-sprayed coatings in improving the oxidation
resistance of the alloy. Oxidation rate for both aluminum
coatings are slightly higher in moist vapor condition both at
650 °C and 750 °C. The mass change curves in moist vapour
also shows undulated nature after about 40 to 50 hrs which
suggests that spallation of oxide scale and re-oxidation took
place. Both the bare and coated specimens in all conditions
follow a parabolic rate law. The difference between the bare
alloy and aluminum coated specimens could be attributed to
the ability of the later to re-heal after oxide spallation due
formation of a protective alumina scale.

3.3. Surface morphology and
micrograph of hot-dip coatings

cross-sectional

Surface morphology of the oxide scale formed on
aluminized hot-dip specimens at 650 and 750 °C are given
in Fig. 3. The EDS analysis infer that the surface of the
coating consists mainly of Al,O3z oxide after 90 hrs in dry
air at 650 °C for Fig. 3 a. Specimens oxidized in dry air at
750 °C indicates some scale spallation after 10 hrs as shown
in Fig. 3 b. The surface comprises of Al,O3 scale while the
area under spallation is an exposed aluminum layer.
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Analysis of such spalled portion does not show any evidence
of oxide reformation during the 10 hrs isothermal oxidation
an indication that spallation took place during cooling of the
specimen. Scale spallation, oxide-reformation and regrowth
of aluminum-oxide nodules increased with cyclic oxidation
shown in Fig. 3 c after 90 hrs at 750 °C. Besides spallation
and oxide reformation, EDS analysis confirms presence of
Al1.95Cro0203 in addition to Al,O; oxides indicating outward
diffusion of chromium and other substrate elements with
increased exposure time and temperature. Other phases
detected in small amounts are NiAls, Ni2Al; with oxides of
NiO and NiAl;O4.
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Fig. 2. Mass changes of bare IN 718, hot-dip and plasma spray
coated specimens during 90 hrs cyclic oxidation in dry and

moist air at: a—650 °C; b—750 °C

Oxide spallation and existence of some cracks were
observed after 90 hrs for specimens oxidized in moist air at
650 °C as shown in Fig. 3d. The oxide scale composed
mainly Al,Os; with minor elements of nickel indicating
presence of NiAl; phases. However, hot-dip specimens
exposed to high-temperature at 750 °C after 10 hrs in moist
air experienced high spallation and surface cracking as
shown in Fig. 3 e. EDS analysis did not show any signs of
scale reformations on the debonded sections indicating that
scale spallation took place only during specimen cooling
and not during isothermal high-temperature exposure.



Oxide scale spallation and voids increased with cyclic
oxidation in moist condition after 90 hrs at 750 °C as shown
in Fig. 3 f. Oxide reformation seems to reduce in moist air
compared to those in dry condition. Porous plate-like spinel
of NiAl,O, was also detected on the surface as shown in the
enlarged portion of Fig. 3 f. Other minor oxides detected
were A|1,93CI’0,0203, Fe, 03, NiO, NiFe,O4 and FeCr,04.
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Fig. 3. SEM surface morphology of hot-dip specimens oxidized in
dry air at: a—650 °C for 90 hrs; b—750 °C for 10 hrs;
¢—750 °C for 90 hrs, and in moist air at: d—650 °C for
90 hrs; e—750 °C for 10 hrs; f—750 °C for 90 hrs

Cross-sectional micrographs of hot-dip aluminized IN
718 specimens after high-temperature exposure in dry and
moist air are given in Fig. 4. Aluminium coating layer
transformed into various distinct layers. A thin layer of
Al,O3 oxide scale formed on the surface of the aluminide
coating while an aluminum layer formed beneath it after
90 hrs in dry air at 650 °C as shown in Fig. 4a. A layer
comprising of NiAl; phase formed in the middle while
Ni2Als is next to the substrate. The coating layers does not
show any signs of porosities or delamination. However,
specimens exposed to high-temperature at 750 °C after
10 hrs in dry air given in Fig. 4 b indicates formations of
voids within the aluminum layer. A thin layer of Ni»Als is
seen to have formed at the interface between the substrate
and the NiAls phase as determined by EDS analysis. With
increased oxidation time, voids are seen to extend to NiAls
layer after 90 hrs in dry air at 750 °C as shown in Fig. 4 c.
The Ni2Alz layer increased with cyclic oxidation and
temperature while the aluminum layer and NiAl; gets
depleted with increased voids. Depletion of aluminum could
be attributed to inward diffusion to enhance formation of
NiAl intermetallic layers and outward diffusion for the
reformation of aluminum oxide layer. Fig. 4 d for hot-dip
specimen oxidized in moist air at 650 °C after 90 hrs unlike
in dry air shows presence of voids highly dispersed within
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the aluminum layer with fragmented and reduced thickness
of Al,Os scale. Thickness of Ni2Als intermetallic layer and
number of voids observed in Fig. 4 e after 10 hrs and
Fig. 4 f after 90 hrs increased with exposure time while the
aluminum layer gets depleted for specimens exposed to
moist air at 750 °C. Cracks are also seen to form at the
interface of Al layer and the NiAlz phase after 90 hrs as
observed in Fig. 4 f. The elemental compositions of Al, Ni,
Cr and Fe along the Y-Y axis of Fig. 4 d and f is given in
Fig. 5 a and b respectively. The inward diffusion of Al and
outward diffusion of Ni, Cr and Fe among other elements
contributes to the growth of such observed NiAl
intermetallic layers.
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Fig. 4. Cross-sectional micrographs of hot-dipped specimens
oxidized in dry air at: a— 650 °C for 90 hrs; b—750 °C for
10 hrs; ¢—750 °C for 90 hrs, and in moist air at d—650 °C
for 90 hrs; e—750 °C for 10 hrs; f—750 °C for 90 —hrs

3.4. Effect of plasma spray coatings on the high
temperature cyclic oxidation

Fig. 6 shows the surface morphology that developed on
the plasma spray coated IN 718 alloy specimens after
various durations of cyclic oxidation in dry and moist air at
650 and 750 °C. Unlike in hot-dip coating specimens given
in Fig. 3, surface morphology of plasma spray has got
irregular grain shapes with grooves along the splat
boundaries. The oxide scale consists of Al,O; with
porosity’s along the lower portion of the ridges as shown in
Fig. 6 a after 90 hrs in dry air at 650 °C. Cracks and
aluminum depletion on the surface seems to increase with
exposure time as observed in Fig. 6 b after 10 hrs compared
to Fig. 6 c after 90 hrs in dry air at 750 °C. EDS analysis
indicates that besides Al;Os, other elements such as Ni, Cr
and Fe were detected on the surface due to outward
diffusion of substrate elements towards the surface of the
coating. At points indicated by letters ‘A’, ‘B’ and ‘C’ in



Fig. 6 ¢, oxides of Al,O3, NiO and spinels of NiAl;O4
formed on the surface after 90 hrs. Corresponding chemical
compositions of the points indicated are given in Table 2.
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Fig. 5. EDS results for elemental compositions Al, Cr, Fe and Ni
across the coating layer axis (Y-Y) after 90 hrs in moist air
for: a—Fig. 4 d at 650 °C; b—Fig. 4 fat 750 °C
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Surface morphology of specimens oxidized in moist air
for 90 hrs at 650 °C given in Fig. 6 d, after 10 hrs at 750 °C
shown in Fig. 6 e and after 90 hrs at 750 °C in Fig. 6 f shows
raised oxide nodular of Al,O3 with deep furrows and ridges
appearing along the splat boundaries. Furrows and cracks
are seen to be more profound compared to those in dry air
and increases with exposure time indicating that splat
boundaries are more susceptible to moist oxidation attack.
Water vapour trapped at the furrows weakens the bonding
at the splat boundaries inducing more cracks as shown.
Increased cracks and furrows facilitates high rate of
oxidation due to increased surface area. The surface of the
coating at the point indicated by letter ‘D’ in Fig. 6 f,
consists of Al,Oz oxide while at the furrow like portion
indicated by letter ‘E’ shows that besides Al,Os, minor
oxides of Aly9gCro0204, NiO or NiAl;O4 spinels could have
formed. Chemical compositions indicated at points ‘D’ and
‘E’ are given in Table 2.

Table 2. Chemical composition (at.%) of points indicated in Fig. 6

by EDS analysis
Position Al Cr Ni Fe (0]
A 55.32 — 8.29 — 36.39
B 53.98 - 18.62 - 27.41
C 53.12 - 15.95 - 30.93
D 50.01 — — — 49.99
E 54.89 2.86 9.96 1.99 30.29
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Cross-sectional micrographs of aluminized plasma
spray coated specimens exposed to high temperature
oxidation in dry and moist air at various durations are given
in Fig. 7. After 90 hrs in dry air at 650 °C shown in Fig. 7 a,
voids are observed at the Al coating layer with micro cracks
between Al,O3 oxide layer and the aluminum coating.
However, in moist air as in Fig. 7 d, aluminum layer is
separated from the NiAls intermetallic layer by a crack with
diminished oxide layer. For specimens oxidized at 750 °C,
thin and compact layers of NiAl - intermetallics had formed
after 10 hrs in dry air with some voids observed within the
aluminum layer as observed in Fig. 7(b). However, in moist
air after 10 hrs shown in Fig. 7(e), the voids have extended
to the NiAlz intermetallic layer with high flaking of the
oxide scale.
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Fig. 6. SEM surface morphology of plasma spray specimens
oxidized in dry air at: a—650 °C for 90 hrs; b—750 °C for
10 hrs; c—750 °C for 90 hrs, and in moist air at: d—650 °C

for 90 hrs; e =750 °C for 10 hrs; f—750 °C for 90 hrs

The plasma spray coating could not withstand exposure
to high-temperature for a prolonged period of time. There is
an increased oxidation along the grain boundaries of the
deposited splats with layer-shaped flaking of grains within
the interface of oxide scale and aluminum layer after 90 hrs
at 750 °C both in dry air, Fig. 7 ¢, and in moist condition as
in Fig. 7 f. Voids within the coating layer are also seen to
increase both in size and number with cyclic exposure time
and a little more in specimens under cyclic oxidation in
moist conditions. In Fig. 3 through Fig. 6, although no signs
of coating delamination were observed, degradation of the
aluminum coating is much high in plasma spray coatings
compared to hot-dip coatings. EDS analysis for elemental
compositions taken along the Y-Y axis of Fig. 7d and f
indicates that Cr, Fe and Ni diffused outwards from the
substrate to the surface of the coating as shown in Fig. 8 a
and b respectively.
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Fig. 7. Cross-sectional micrographs of plasma spray specimens
oxidized in dry air at: a—650 °C for 90 hrs; b—750 °C for
10 hrs; ¢—750 °C for 90 hrs, and in moist air at: d—650 °C
for 90 hrs; e—750 °C for 10 hrs; f—750 °C for 90 hrs
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4. DISCUSSION

4.1. Formation mechanism of the coating layer on
IN 718 specimens

According to experimental results, the as-deposited
aluminized coatings consists of two layers in hot-dip and
only one layer in plasma spray specimens shown in Fig. 1.
The 1% layer in hot-dip specimens shown in Fig.1a is
composed of aluminum phase and contains some dissolved
nickel elements that were derived from the substrate. The
2" Jayer consists of NiAlz - intermetallic phase formed
beneath the aluminum layer. The formation mechanisms of
the NiAl; among other intermetallic phases within the
coating layer can be discussed based on the knowledge of
the binary phase formation for a given elements [5, 21]. An
interface between liquid and solid exists during hot-dip
process in which the aluminum is in molten state as liquid
while nickel among other elements in the substrate are in
solid state. As the coating process takes place, the Ni, Cr and
Fe from the IN 718 substrate dissolves and diffuses into the
molten Al until the saturation level is reached then the extra
atoms of elements such as Ni reacts with Al atoms to form
intermetallic phase of NiAls. The NiAl; phase will then
nucleate and grow in the supersaturated molten solution of
Al near the interface forming a mixture of NiAl; phase and
Al solution. With continuous advancement of substrate
elements mainly Ni among other minor elements into the
molten aluminum solution, the growth of NiAls increases
and continues to precipitates with increased hot-dip time. As
the coated specimen is withdrawn from the aluminum
molten solution allowing cooling and solidification to take
place, the solubility of the substrate elements such as Ni in
the Al solution is drastically reduced. The precipitation
eventually takes place with the formation of a thin layer of
NiAl; phase at the interface as observed in Fig. 1a. The
formation of NiAls phase in the as-coated hot-dip specimens
and absence of other phases such as NiyAls attributes to
complete consumption of Ni within the Al liquid solution.
Thus, due to high surplus of Al, only intermetallic
compound of Ni-Al with higher Al content such as NiAl;
will form as seen in Fig. 1 [22]. Upon withdrawal from the
molten bath, liquid aluminium due to surface tension effect
solidifies to form a coating layer comprising of aluminide
layer. Aluminum will also readily form oxides of Al.Os;
upon withdrawal from molten metal due to its low free
energy of oxide formation, thus the existence of alumina
oxide [23].

The plasma spray as-coated specimen in Fig.1b
consists of a single aluminum coating layer with existence
of voids and pores. During plasma spray coating process,
the atomized aluminum particles are oxidized forming
entrapped oxides. With subsequent spray layer, existence of
such oxides inhibits complete fusion of new aluminum
splats to the already deposited one hence giving rise to
presence of voids. Unlike hot-dip coating process where
interdiffusion of elements takes place at the interface of
coating and substrate, plasma spray coating which employ
heat and velocity is characterized by near-zero dilution of
the substrate due to mechanical bonding. Also, the substrate
coated by plasma spray does not undergo any distortion,



interdiffusion or metallurgical degradation compared with
hot-dip coatings due to its low deposition temperatures.

4.2, Effect of aluminum coatings on oxidation
mechanism of IN 718 alloy

Aluminium coatings showed the lowest oxidation rate
in Fig. 2 after 90 hrs cyclic oxidation as compared to bare
substrate. Reduction in such mass change could be
attributed to the formation of a more stable alumina oxide
and intermetallic layer of NiAls as shown in Fig. 3 through
Fig. 7 and illustrated in Fig. 9 a, which are reported to offer
improved oxidation resistance. However, coatings oxidized
in moist air slightly has a higher mass change. This could be
likely as a result of the crack formation either on the surface
scale or within the aluminium layer which allowed access of
H,O to penetrate through paths of such cracks or voids.
Reaction of H,O and aluminum forms an alumina oxide
with increased mass gain [24, 25]. Nevertheless, the plasma
spray coatings have slightly high mass gain than the hot-dip
coating. Surface morphology of aluminized plasma spray
coatings in Fig. 6 has irregular grain shapes with grooves,
voids and cracks along the splat boundaries which increases
the surface area for oxidation to take place, giving rise to
high mass gain as observed. Such irregular grains also trap
water vapour acting as oxidation sites. Illustration for initial
oxidation of plasma spray coatings is given in Fig. 9 d.

A continuous oxide layer of Al,O; formed above a
compact intermetallic and aluminum layers at 650 °C in dry
air condition as given in Fig. 3 a for surface morphology and
cross-sectional micrograph in Fig. 4 a. With increase in
temperature, as in Fig.3b,c and Fig.4b,c at 750 °C,
protective nature of aluminum coating is reduced due to
increased number of voids. The surface morphology
depicted in Fig. 3 d, e has Al.O3 oxide scale debonding with
existence of some cracks. Oxides such as Al;Os are highly
brittle and the cracks existing on the surface of the coated
specimens are attributed to residual stress on such brittle
oxides during rapid cooling [26]. When the aluminum alloy
is used as a protective coating on IN 718, the intermetallic
layer NiAls is not only consumed during interdiffusion for
the growth of a brittle and less oxidation resistance phase
such as Ni2Als but also for oxidation of itself. Oxidation of
NiAlz gives rise to oxides of Al,Os, NiO and spinels of
NiAlO; as identified to exist in Fig. 3 through Fig. 6 with
an illustration in Fig. 9 b, c. However, in moist condition as
shown in Fig. 4 d, dissociation of water vapour into OH" and
H* which in turn are incorporated into oxide lattice with
formation of weak AI-OH* bonds results to voids growth.
Vacancy condensation due to fast outward diffusion of
aluminum ions through the scale is reported to be the main
reason for void formation in the oxide scale [23]. Such
dissociation and void formation increases with temperature
and oxidation duration as observed in Fig.4. The
dissociation of water vapour is also ascribed to weakening
of the scale—alloy interfacial toughness thus promoting the
formation of interfacial voids which accelerates spallation
of the oxide scale with subsequent cracking of the coating
[27, 28]. Results of hot-dip coating in Fig. 4 indicates that
the Ni-Al intermetallic layers formed in the aluminum
coating due to outward diffusion of nickel and not by inward
diffusion of aluminum into the substrate. Such phenomenon
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is evidenced by EDS elemental line profile given in Fig. 5
indicating steady outward diffusion of substrate elements
Ni, Cr and Fe towards aluminum coating. The previous
studies on oxidation of nickel-based superalloys with
aluminium coatings also reported similar observation
[5, 20, 29]. Conversely, degradation of the aluminum layer
is due to inward diffusion of Al towards the substrate for the
growth of Ni-Al intermetallic layers and outward for growth
of Al,Os. Depletion of such Al — contents are attributed to
presence of Kirkendall voids in the coatings as illustrated in
Fig. 9 b. Such voids in addition to presence of cracks within
the coating layer acts as transport mechanism channel for
oxidation of NiO and subsequent transformation into
NiAl,O4 spinel as detected by EDS analysis [30]. The
porous nature of NiAl,O4 spinel could further act as sites for
internal oxidation and degradation of the aluminum layer as
observed in Fig. 3 f with illustration in Fig. 9 c. Spinel of
NiAlO4 phase though of porous nature is found to have high
thermal and mechanical resistance as well as chemical
stability finding application as catalyst support in various
chemical reaction [31].

In plasma spray coatings, thermal stress generated
during heating and cooling which are typical of aircraft gas-
turbine engines are attributed to cracks and voids observed
in Fig. 7. The existence of mismatch between thermal
expansion coefficients of the oxide scale, coating layers and
the substrate are mainly ascribed as the cause of thermal
stresses. Generation of such thermal mismatch stresses
alternates between compressive and tensile stresses during
thermal cycle resulting to crack initiation [32]. The cracks-
initiated coalesce to form Kirkendall voids as seen in Fig. 7
with an illustration in Fig. 9 e. The coating layer further
undergoes degradation due high susceptibility to cracking
and spallation of Al,O3 oxide protective scale which is more
brittle [26]. The inner layer is thus exposed for further fresh
oxidation resulting to outward diffusion of aluminum giving
rise to more Kirkendall voids formation which are found to
increase with exposure duration as shown schematically in
Fig. 9 f. Most of the porosities in the coating are reduced at
750 °C since most of the aluminium are in molten state thus
reducing oxygen intake compared to specimens oxidized at
650 °C where most of the aluminum coating layer is in solid
state allowing diffusion of more oxygen as observed in
Fig. 8. Depletion of aluminum in the coating giving rise to
formation of voids as observed during high-temperature
exposure is therefore due to; (i) formation of Al,O3 oxide,
(ii) inward diffusion for the growth of NiAl-intermetallic
layers, and (iii) formation of NiAl.O4 spinel. As observed in
Fig. 2 through Fig. 7, hot-dip coatings have a better cyclic
oxidation both in dry and moist air conditions compared to
plasma spray coatings and bare specimens. Plasma spray
coating failure could be attributed to presence of entrapped
oxides and cracks arising during coating process. The hot-
dip coating on the other hand performed much better due to
excellent adherent of the coating to the substrate with no
observable voids, cracks or entrapped oxides.
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5. CONCLUSIONS

Oxidation behavior and mechanisms of inconel 718
coated with aluminum alloy by hot-dip and plasma spray
processes was conducted in dry and moist air conditions at
different temperatures with exposure time of up to 90 hrs to
ascertain their performance. The findings of this study can
be summarized as follows:

The hot-dip coatings greatly improved oxidation
resistance of the alloy with lowest mass change compared
to plasma spray and bare material.

The surface oxide layer formed on hot-dip coatings in
dry air consists mainly of Al,Os; above the intermetallic
aluminide layers of NiAls and Ni2Als whose thickness
increased with duration of cyclic oxidation. However, voids
in the aluminum layer increased at each thermal cycle
causing depletion of aluminum in the coating with the
formation of a porous NiAl>O4 spinel.

Moist air caused oxide scale formed in both types of
aluminum coatings to crack after five cycles with extensive
blistering and spallation. This could be attributed to
hydrogen produced by reaction of water vapour with Al or
Ni to dissolve in the alloy but released on cooling causing
the oxide to blister or spall.

Aluminum coatings are more porous with profound
internal voids in moist air. However, water vapour did not
appear to cause large effects on hot-dip coating as compared
to plasma spray coating.

Thus, it was concluded that hot-dip coating has a better
oxidation resistance to improve performance of IN 718 at
high temperature applications both in dry and moist air
conditions compared to plasma spray coating.
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