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Inconel 718 has a wide area of applications in gas turbines, aircraft, turbocharger
rotor equipment and so many other applications, including temperatures up to ~700
°C. In this study, Ni based aluminide coating on Inconel 718 alloy was conducted by
pack cementation technique. The phase structure and layer coating thickness at
different aluminizing temperatures and durations (600 and 700°C for 3 and 5 h) were
investigated. This specific substrate material is intended to be coated with aluminum to
be used at higher temperatures and it is aimed to be resistant to oxidation thanks to the
thin and stable impermeable oxide layer to be formed on its surface. Besides this wear
resistance also investigated. SEM/EDS and XRD analysis were used for characterization
of the aluminide coatings. The change in layer from the surface to the inside was
determined and varied from 8 to 80 um, this was increased with higher aluminizing
temperature and time. 960 HVN hardness value was determined in the coating layer
whereas the hardness of the matrix was 240 HV. The wear resistance of Inconel 718
has increased with aluminization. Increased aluminization duration and temperature
reduced wear losses. Isothermal oxidation test results at 1000 °C for 5, 25 and 125 h
show that the increased aluminization time enabled better oxidation resistance. The

formation of porosities below the oxide scale weakened the adherence and durability
in low temperature and short time aluminized samples.

Introduction

pack cementation process can be used to form protective and hard

The alumina film formed on the surface of hard aluminide . . . .
intermetallic coatings on wide variety of alloys. These processes,

coatings and when the coating is exposed to high temperature . ) . .
& g p & p components of various sizes and different geometries can be coated

can also prevent oxidation or destruction of the substrate under . L . . .
easily and a homogeneous coating is obtained. Besides, this process

corrosive environmental conditions [1]. Many different methods . . .
(1] y is very cheap [14,15]. However, one limitation of the process is that

can be used for the process of improving surface properties with the . L . .
it requires thermal activation to sufficiently generate fast chemical

aluminide coating method. Some of those are hot dip aluminizing . oo N . .

reactions and diffusion kinetics. So, this process is normally
coating [2-5], pack cementation [6,7] physical vapor deposition
PVD [8-10] and chemical vapor deposition CVD [11-13] methods

are the main ones. From the methods explained above, the pack

conducted at temperatures above 750°C. At these temperatures, it
may cause deterioration of the mechanical properties of alloy steels
for instance grain coarsening and carbide precipitation. To prevent
cementation technique draws attention in terms of not expensive . . o

this degradation, aluminizing should be done at temperatures

and effective technique besides this with low equipment cost. The below 700 °C [7,15-17].
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Nowadays the polymeric coatings with functionalized silica
nanoparticles has been successfully implemented because of
their importance in many technological applications such as
hydrophobic/super hydorophobic, to fabricate self-cleaning and
antireflective coating on the glass substrate [18]. Additionally, the
incorporation of Si0,-Ag nanofillers into the water-based acrylic
coating, had slightly improved adhesion of the coating and had
significantly enhanced its abrasion resistance and its thermal
stability, for antibacterial activity [19]. Alternatively, the effect of
incorporating various nanoparticles such as Si0,, Zn, Fe,0, on the
corrosion resistance of epoxy-coated steel, suggested the beneficial
role of nanoparticles in significantly improving the corrosion
resistance of the coated steel, with the Fe,0, and halloysite clay
nanoparticles being the best [20]. Finally, the SiO, nanoparticles
play a dual role, as both reinforcer and UV absorber, thus improving
effectively both the mechanical properties and the weathering
resistance of polyurethane acrylic coatings, offering a durable
outdoor application [21].

Alternatively the Inconel 718 is a nickel-based superalloy and
has superior properties with the nominal composition of 50-55
wt% of Ni, 17-21 wt % of Cr, 4.8-5.5 wt% of Nb, 2.8-3 wt% of Mo,
0.65-1.15 wt% of Ti, 1 wt% of Co, Al (0.2-0.8 wt%), and Fe (balance)
[22,23]. Inconel 718 type material is a very important material
group for use in turbine engine discs, blades and drive shafts in the
aircraft engine industry thanks to its high strength, high fracture
toughness and high corrosion and oxidation resistance. In addition,
this alloy contains a wide service temperature range from -253 °C
to 760 °C [22]. Despite these superior properties, its tribological
properties are relatively poor, and its particularly low hardness
and poor wear resistance limit its use in many applications.
Therefore, it is technologically important to develop innovative

surface modification processes that can increase the wear and
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Figure 1: Schematic representation of aluminization process.

oxidation resistance of Inconel 718. To the best our knowledge, few
information is available in literature concerning the oxidation and
wear resistance properties of Inconel 718 alloy after aluminization
coating process at about low temperatures like 600 and 700°C.
Therefore, in study microstructure, wear and oxidation properties
of Inconel 718 alloy, which was subjected to aluminized process at
different temperatures and times, were investigated.

Experimental Details

In this study, Inconel 718 substrate alloy having dimensions of
20 mmx 20 mmx 7 mm were used. The chemical composition (wt%)
of Inconel 718 alloy was explained above. Before pack cementation
process, all specimens were cleaned with 1000-grit silicon carbide
sandpaper and polished with a 3-um diamond colloidal suspension.
Pack aluminizing process, we can see a schematic diagram in
Figure 1,it was carried out through immersing the samples into
pack powder mixture inside an alumina crucible having a sealed
lid. Then the pack was heated in furnace without protective (inert)
atmosphere. Aluminide deposition processes were conducted at
600°C and 700°C for 3 and 5 hours respectively. The presence of
aluminides formed on the surface was detected by X-ray Diffraction
(XRD) analysis. Rigaku X-ray diffractometer (DMAX 2200) with a Cu
Ka radiation source of a wavelength of 1.541 A over a range from
20° to 80° was employed for the phase characterization of coating
layer of the test samples. The cross-sectional morphologies of the
coated samples were observed and analyzed by a Scanning Electron
Microscope (SEM), Model JEOL JSM-6060 from Japan, and equipped
with an Energy Dispersive Spectroscopy (EDS). The thickness zone
of the aluminide layer was assessed from the element concentration
depth profiles measured by SEM-EDS. The micro-hardness values
of the specimens were determined by a Vickers diamond pyramid
indenter using a load of 25g and dwell time 15s.
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Characterization " Sticky, protective
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The pack aluminizing process can be simply described in four
steps [23,24]

a) The stoichiometric ratio that provides a thermodynamic
equilibrium state between the activator (NH,Cl) and the
master alloy present in the mixture

b) Gaseous diffusion of metal halides onto the substrate surface

present in the can by chemical gradients in gas phase

c) Surface reactions in the substrate to deposit the coating
elements and form the vapour phase; and

d) Diffusion of the coating elements at the substrate surface.

Wear tests were performed against a WC ball (6 mm diameter)
on the ball-on-disc tribometer wear tester under dry sliding
conditions. Tests were carried out under loads of 3, 5 and 8N, at a
sliding rate of 5.4 cm/s and at room temperature. The total sliding
distance was determined as 100 m and the wear traces were made
on a5 mm linear path. Volume losses were calculated by measuring
the width of the tracks from atleast 5 different points. The oxidation
tests were carried out to Inconel 718 and aluminized samples at
1000 oC for 5, 25 and 125 h in atmosphere ambient by using an
electric furnace (PLF 130/20, Protherm, from Turkey).

Results and Discussion SEM-EDS and XRD
Analyses

Unlike other alloys, Inconel 718 contains the y” -Ni,Nb phase
[22-26] in its structure. And these Ni,Nb particles that make this
alloy valuable in terms of mechanical properties. However, at about
500°C [27,28] and above temperatures, mechanical properties of
this alloy deteriorate from external surface to internal surface of
the material under test. Therefore, it is extremely important to
make a coating resistant to high temperatures on this alloy [22,23].
We can describe the pack aluminizing process as follows: Firstly, Al
atoms pass into the vapour phase with the aid of Cl gases coming

Table 1: EDS results of layers in Figure 2.

from the activator (in our study: NH,CI). AICl, gaseous diffuses to
the substrate surface and reacts with Fe or Ni based alloy forming
atomic Al. N H,Cl then dissociates into NH,and HCl at temperature
higher than 400 °C [24], as is shown in reaction (1):

+HCI

NH,CI, = NH, o

(€]

HCl reacts with Al powder and AlCI, pass into vapor phase:

6HCl,, +2A41 — 24ICl, , +3H

3(g) 2

AlCl, gaseous diffuses to the substrate surface and reacts with
Ni forming atomic Al:

3Ni+2A4ICI

3(g)

— 3NiCl

2(g)

+2Al

The total reaction can be given as follows:

3NiCl, +2A1+3H, = Ni, Al, + 6HCI

The coating cross-sectional morphology at different aluminizing
temperatures and durations are shown in Figure 2. SEM micrographs
of the aluminized INC-718 samples revealed that; aluminum
deposition realized for all temperatures, and it is observed that the
coating thickness increased due to the increasing temperature and
time. Besides this it has been shown that diffusion between coating
layer and substrate has a good adhesive bonding. The as-coated
surfaces can be evaluated very smooth with a metallic appearance.
It is also clear that the coating layer was very uniform with a single
layer structure as is shown in Figure 2a. The some fracture regions
in the outmost layer were probably caused by cutting and grinding
stage of the metallographic sample preparation and also indicating
the brittle nature of fragile aluminide (inter metallic) material
characteristic. Another result is that due to the increasing process
temperature, the interface has become roughly. EDX analysis of the
points given in Figure 2 is given in Table 1. As it seen from SEM-
Map elemental analyses in Figure 3, aluminum were deposited
intensively in the coating layer. In addition, that, Cr and Ni are seen
in the top layer of the coating.

Phases
600°C-34
Al Ni Fe Cr Nb Mo Ti
72.538 14.834 6.067 4951 0.408 0.790 0.412
258.274 27.350 6.599 5.451 0.794 1.049 0.483
Phases
600°C -5h
Al Ni Fe Cr Nb Mo Ti
79.096 12.429 3.946 3.556 0.198 0.546 0.229
276.056 11.727 5.328 5.39 0.684 0.385 0.423
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Phases
700°C-3h
Al Ni Fe Cr Nb Mo Ti
79.209 11.997 6.082 1.696 0.365 0.350 0.302
277.100 14.261 5.072 2.812 0.332 0.392 0.032
Phases
700°C-5h
Al Ni Fe Cr Nb Mo Ti
77.268 13.394 4.565 3.793 0.517 0.291 0.006
276.520 11.645 5.060 5.437 0.645 0.352 0.340

(a) 600C-3h

S 10 pm.

1SkU

Inconel 718
10um

(b) 600C-5h

Inconel 718

Inconel 718 i :
- .

50 ym

Figure 2: SEM-EDS Analyses of cross sectional morphology of aluminide coated Inconel 718 sample

a) 600°C-3h
b) 600°C-5h
¢) 700°C-3h
d) 700°C-5h.

The XRD patterns are shown in Figure 4, we can identify that
the top layer includes mainly of ALNi, and ALNi with a small
quantity of Al-Cr inter metallics (Al,,Cr,,). Looking at XRD analyses
results measured from the as-coated surface, it was detected; when
the major phase in the surface layer formed at 700°C-5h was NiAl,.
According to the Ni-Al phase diagram, the outmost layer formed
on the surface is expected to be Al rich NiAl, phase [16]. However,

for the process at 600°C-3h shows that the coating layer has Ni rich
aluminide phase such as Ni,Al This outcome can be resulted from
due to the thin coating layer (~8um) and thus the analysis obtained
from nickel rich region substrate. Wang, et al. [16] obtained an outer
Ni,Al layer and an inner Ni layer for a sample aluminized at 650 °C
for 4 h in a pack 6Al-92A120,-2AICl, (wt.%) Ni based superalloy
according to XRD analyses measured from the surface.
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Figure 3: SEM-MAP Analyses of aluminized Inconel 718 at 600°C-5h.
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Figure 4: XRD pattern of Al coated Inconel 718 sample.

Hardness

Micro hardness measurements were carried out from the
surface to interior along a line to characterize variation of hardness
in aluminides layer, transition zone if any and matrix, and the
results were given in Figure 5. The hardness of aluminide layer
was found to having maximum 900 HV for 700 °C 6h aluminizing
process, whereas the hardness of substrate was 270 HV and it
was also shown that the area has averagely 500-700 HV, which is
in the transition region for Inconel 718 substrate. This hardness

increment can be attributed to different aluminide formation
vicinity of the top region [17]. Besides this, the coating obtained
with increasing temperature and time; being hard, tight and non-
porous. This is another important factor in increasing its hardness.
When the micro hardness values are examined, the hardness value
on the surface of the samples increased with increasing process
temperature and duration. The increase in temperature resulted in
a denser layer and the expected high hardness of the intermetallic
phase was achieved [7,17].
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Wear Behavior

We clearly see that Figure 6a shows the volume loss values
of the samples which were subjected to dry sliding tests under 3,
5 and 8 N loads after being aluminized at different temperatures
and times. First of all, it is seen from the graph that the untreated
Inconel 718 sample had the highest volume loss at all loads. It is
possible to associate this reason primarily with its low hardness.
Because when Figure 5 is carefully examined, an increase of up to
3 times has been observed in the hardness of the treated materials.
When the hardness values of the samples were examined, 900 HV
was reached for the sample coated at 700 °C 5h. Hardness can be
defined as the resistance of an object to another object trying to
sink into it. The increase in hardness caused the abrasive ball to sink
less into the sample, thus causing less wear loss. When the volume

losses of the samples are interpreted according to the aluminizing
temperature and time, it is seen that the increasing temperature and
the duration reduce the volume losses. Considering the situation
with the microstructure, the increase in both the temperature and
the duration caused the thickness of the hard coating layer formed
on the Inconel 718 to increase. While the coating thickness of the
sample treated at 600 °C 3h was approximately 8 pm, at 700 °C 5h
this value became 80 um with a 10-fold increase. This means that
the material coming from below instead of the material removed
during wear has high hardness. The thick coating provides high
resistance to wear. This situation was seen in the sample aluminized
for 3 h at 600 °C. With the increase in load during wear, the coating

layer was completely removed and caused the wear loss to increase
rapidly.

1000 - .
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000 - = ~—e—600-5h
OSSR Y Yy —a—700-3h
J N v 700-5h
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=3 | e :
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Figure 5: Hardness graphs from surface to interior.
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Figure 6:
a) Volume loss values of substrate and coatings

o

o

o

0

b)

250

500 750
Time (s)

7000

b) Friction coefficient curves for substrate and coatings in tests performed under 8N load.

The friction coefficient (COF) values that occurred during the
wear tests of the samples under 8 N load are given in Figure 6. If we
evaluate the samples in general terms of COF values, it can be said

that there is a tendency to decrease in COF values with increasing
hardness. In most samples, stabilization due to oxidation occurred
after 100-150s. If the COF values of the samples under 8N load are
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examined, it is understood that the highest COF value was in the
Inconel 718 untreated sample. A sudden rise in the first 100s can
be considered as cleaning the roughness. The stagnation observed
in the next 100 s period can be explained as the plastering of
the wastes resulting from the breaking of the roughness on the
surface under the effect of the load and then oxidation as a result
of relative motion. The subsequent fluctuations can be explained
by the rupture and regeneration of the oxide layer formed on the
surface over time. There was a tendency for the friction coefficient
to decrease due to the increase in the coated sample hardness.

. Oxidation
zZomes >

600 °C-3h/3N

/A

micro scratching

Generally, similar trends are present for all coated samples. The
fluctuations seen in the substrate material were also seen in the
coated samples for the same reasons. Particularly in samples with
high coating temperature and time, the rapid increase seen in COF
at the beginning and stabilized more rapidly afterwards. The high
affinity of Al to oxygen is known. For this reason, oxidation occurred
faster in the coated samples during wear. It has been shown in many
studies that these oxides formed during wear reduce the friction
coefficient and thus wear losses. Another reason for the low friction
coefficient of the Al coated samples can be shown as this situation.

Re-plastered
A layers

&—— Re-plastered
layers

- Al

z L I

Figure 7: SEM and EDX analysis of the worn surfaces:
a) 600 °C-3h tested under 3N

b) 600 °C-3h tested under 5N

c) 600 °C-3h tested under 8N

d) 700 °C-5h tested under 3N

e) 700 °C-5h tested under 5N

f) 700 °C-5h tested under 8N

g) 600 °C-3h tested under 3N

h) 700 °C-5h tested under 8N.
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SEM worn surface images of the samples, which were subjected
to aluminizing at 600 °C for 3h and tested under 3,5 and 8N loads,
are given in Figures 7a-7c. It can be seen in Figures 7d-7f that the
coating layer completely is not destroyed, but there are partial
oxidation zones on the surface. When the wear surfaces of the
same sample occurring under 5 and 8 N loads are examined, it is
seen that the coating layer has been completely removed and the
substrate material has been reached. It is possible to understand
this situation both from the wear trace and EDX analysis, as is
shown in Figure 7g. In the test performed below 5N, there are micro
scratching and micro-grooving wear mechanisms in the direction of
wear. In the sample tested at 8N, extrusion type wear mechanism
was determined in addition to micro grooving. In EDX analysis, it
can be seen that the amount of Al decreases significantly in the
middle parts of the wear trace. SEM wear trace micrographs of the
sample coated at 700 °C for 5h are given in the Figures 7d-7f.

It can be said that the wear mechanism of the sample changes

Oxidation Behavior

completely with the change of the coating process duration
and temperature. This can be attributed to the high hardness
and coating thickness. Samples with high hardness and coating
thickness showed higher resistance to the abrasive tip reaching
the substrate surface and the wear mechanisms occurred only in
the coating layer. In the samples tested under 5 and 8 N loads, the
wear particles separated from the surface over time were squeezed
between the abrasive tip and the bottom surface and re-plastered
on the surface. This situation was not observed after the test under
3 N load, probably due to the low load. We can associate this with
the effect of the compression load that occurs between the surfaces
with increasing load. The particles removed with the increased
load can be re-plastered rather than thrown out of the system. EDX
analysis of the wear trace of the sample is given in Figure 7h. It is
possible to understand from the high percentage of Al in the center
of the wear trace that the coating layer was not be overcome even
in the test performed under 8N load.
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Figure 8: XRD patterns and SEM images belonging to Inconel 718 after oxidation tests.
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We can also see that Figure 8 shows the XRD and SEM images of  in oxide thickness. However, after 125 h oxidation, CrNbO4 oxide
Inconel 718 after oxidation tests at 1000 °C for 5, 25 and 125 h. At  has stronger intensity among the formed oxides. It can be also seen
the first oxidation test, oxide thickness shows a dramatic increase  in the SEM image. The oxide layer delaminated and reached a high
compared against the 25 h oxidation test. The obtained XRD thickness in some regions at the last oxidation stage. According to
analysis result show that Cr,0,, spinel and CrNbO, oxides formed elemental mappinganalysis, darker grey colors represent Cr,0, and
on the surface. It can be said that Cr,0, is more dominant for this  spinel whereas others represent CrNbO,, MoCrO,, and TiO, oxides.

oxidation stage. After 25h oxidation, the same tendency is seen in  The inner oxide layer dominantly composed of Cr,0, layer while the

terms of formed oxide phases and there is no significant increase  upper oxide layer consists of mixed oxides.
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Figure 9: XRD patterns and SEM images belonging to 600 °C-3h after oxidation tests.
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This also proves that oxides except for Cr,0, have high growth
rate and generated higher thermal stress on the oxide scale.
Additionally, Cr concentration was significantly decreased in
Inconel 718 and accordingly, it is understood that other elements
diffuse toward the above Cr,0,layer and formed spinel and mixed
oxides on the surface. After oxidation tests, y-matrix phases rich
in Fe-Ni-Cr transformed to FCC phases rich in Fe- Ni depending on
depleting Cr concentration. In the matrix, Ti, Nb and Mo oxidized
as inner while Al oxidized at grain boundaries due to its lower
melting. Phases rich in Al such as Ni,Al, Ni,Al, and AINi enable to
alumina formation on the oxide scale during the oxidation. From
this perspective, aluminide coatings widely performed on the Ni-
based superalloys to get alumina-former phases [29]. In Figure 9,
XRD patterns and SEM images of aluminized Inconel 718 at 600 °C
for 3 h (600 2C-3h) were given after oxidation tests at 1000 °C for 5,
25 and 125 h. 600C-3h sample had about 8 um thickness after the
aluminizing process. The obtained coating thickness is very low and
thus, it did not provide a continuous alumina scale on the surface
after oxidation tests. The obtained XRD peaks in 5h oxidation test
shows that matrix phases composed of FCC phases rich in Fe and Ni
while spinel, Cr,0,, CrNbO,, MoCrO,, TiO,and Al,O, formed as oxide
phases. It is understood that Al rich phases rapidly depleted and,
the alumina layer formed was delaminated from the base material.
According to SEM image after 5 hour oxidation, Cr,0,, Nb and Mo

273
rich oxides and inner Al,0O, can be seen.

In 5h oxidation stage, porosity could be seen below the
oxide scale. The porosity formation weakens the durability and
adherence of oxide scale, that's why the delamination can occur on
the oxide scale. After 25 h oxidation test, the formed oxide layer
delaminated from the base material and, embedded Al,O, and
porosity formation are seen. This porosity can be called Kirkendall
porosity due to difference in phases, concentrations and diffusion
coefficients [30]. The thinner coating layer may cause porosity
formations in interdiffusion regions where they are near to the
surface. The matrix phase, Ni,Al and some Al,O, peaks were found
on the surface according to XRD analysis. When looking at the
mapping colors, it can be seen that Al was almost depleted as well
as decreasing of Cr concentration. In the initial stage of oxidation,
AL O, can expose to phase transitions such as y, 6, © and a- ALO,.
The thermodynamically stable phase is a- Al,0, among these
phases [31]. It is known that the phase transition between 6 and
a- AL O, occurs at a temperature range 950-1050 °C [32]. Other
polymorphs except for a- AL,O, show a fast growth that means
the phase transitions in Al,O,cause the rapid depletion of Al-rich
phases, as well. As a result, phase transformations are seen in both
coating and oxide layers. The possible phase transformations of
both ALO, and Ni-Al phases can lead to stress generation in the
oxide scale. Furthermore, Ni-Al phases are high thermal expansion
compared to y and FCC phases [33]. As a result of all, the formed

oxide layer spalled on the surface.

After 125 h oxidation, the oxide scale isnot seen due to spallation
similar to 25h oxidation stage. Mo-Nb- Ti rich oxides were formed
on the surface and, Al oxidized as inner. According to XRD analysis,
CrNbO, phase is more dominant among the formed oxides. In
some regions, not spalled Cr,0, and Al,O, scales can be seen in the
SEM images. The obtained results show that 600 °C-3h exhibited
a breakaway oxidation behavior. This can be attributed that the
formed total coating thickness is not sufficient to form a continuous
and protective alumina layer. Additionally, we can see that Figure
10 represents XRD analysis results and SEM images of aluminized
Inconel 718 at 600°C for 5 h (600C-5h). When looking at the SEM
image after 5h oxidation test, compact and continuous alumina
formation are seen. The alumina layer includes some porosities
and, subsurface regions also have small porosities. Al concentration
is very low according to mapping analysis. The matrix composed
predominantly of Ni-Cr-Fe as well as Nb, Mo and Ti. It is not seen
precipitate or distinct phase formation. However, Fe, Ni-rich FCC
phase, NiAl, Ni,Al, phases were obtained according to XRD analysis
while predominant alumina phase and Cr,0, were detected as oxide
phases. Besides, the oxide thickness is slightly high. High thickness
can be also associated with the alumina transition phases. In the
literature, Ni,Al can be effective in the formation of y-Al,0, while
the formation of 8- AlL,O, is more predominant in NiAl [34]. The
presence of Ni,Al, or NiAl, phases can lead to a porous oxide layer
as indicated in the literature [35]. This result agrees with our result
as observed SEM image and XRD patterns.

After 25 h oxidation test, the formed oxide layer dominantly
composed of alumina according to both XRD and mapping analysis.
However, the oxide scale delaminated from the base material.
Also, a minor number of base materials stick to the oxide scale
broke off from the surface. This is related to the porosities which
are formed below the oxide scale and this led to a decrease in the
durability and adherence of the oxide layer. In addition, after the
delamination, mixed oxide formation traces are visible on the base
material. This shows that after the depletion of Al, other elements
were oxidized in porosities and can lead to an increase in the stress
generations in these regions. After 125 h oxidation test, the oxide
layer has a compact and continuous alumina layer. Cr,0,, CrNbO,
and Ti0, peaks were found according to XRD analysis. These phases
could be remained from the initial oxidation stage or formed due
to the depletion of Al. The delamination was not observed in the
oxide scale, interestingly. That may be related to (Al, Ti) N phase
formations that are seen below the oxide scale. N penetration due
to the consumption of O may lead to formation of (Al Ti) N phases
[36,37]. The formation of these nitrides is in good agreement
with the obtained XRD data. The formed nitride also provides the
lowering in CTE of base material. CTE of TiN and AIN is about 2.3
and 5.7x10-6 K, respectively [38]. It is thought that the presence
of these phases with low CTE may generate lower stress at the
interface. Therefore, the oxide layer may not delaminate as occurred
in 25 h-oxidation tests.
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Figure 10: XRD patterns and SEM images belonging to 600 °C-5h after oxidation tests.

The SEM images and XRD patterns belonging to aluminized
Inconel 718 at 700 °C for 3 h are given in Figure 11. After 5 h
oxidation stage, the total coating thickness thickened more with
the high temperature effect. The formed oxide layer predominantly
composed of alumina while the matrix phase consists of NiAl and
Ni,AL. The Cr-rich precipitates formed in the Interdiffusion Zone
(IDZ) and, cavity formation was not observed in these regions. Ni
rich- Ni,Al phases were detected above the IDZ zone according to

coincided element colors in mapping analysis. The upper layer is
composed of Al-rich intermetallic as seen in mapping image and
XRD data. The presence of NiAl and Ni,Al, phases lead to Kirkendall
porosities on the top regions due to the intrinsic diffusivity
difference of Al and Ni in Ni,Al, [35]. Al- poor zones increasing
the Cr solubility can form cavities [34]. The reason of the local
delamination in the oxide scale could attribute to the formation of
these cavities. After 25h oxidation, Cr rich sigma phases are seen.
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In the SEM image, brighter gray colors represent sigma phases
while the brightest colors show Mo-Nb-Ti-rich precipitates. The
presence of Cr precipitates support transition from 6 to a-AlL0O,.
In addition, the formation of Cr,0, nuclei enables the nucleation of
a- ALO,, as well [39]. Cr,0, phases (as seen in XRD peaks) and the
presence of sigma phases enabled the continuous and stable A1203
phase formation on the surface. In this oxidation stage, the porosity
formation may be lower than other periods due to the formed
precipitates and complete transformation of the Ni-Al phases.

Additionally, it was indicated that the presence of sigma phases

act as a diffusion barrier in Inconel 718 [40]. This may prevent the
porosity formation by contributing to slower diffusion of elements.
However, after 125 h oxidation stage, the crack formations in the
substrate and oxide layer are seen. This probably related to the
stress of high growth rate and TEC mismatch. The extents of sigma
precipitate phases increased whereas the distribution of Mo-Nb-
Ti-rich precipitates decreased after 125 h oxidation. This phase
variation might occur crack formations leading to the volume
change. Nonetheless, the oxide scale did not delaminate. The oxide

layer predominantly consisted of alumina layer.
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Figure 11: XRD patterns and SEM images belonging to 700 °C-3h after oxidation tests.
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After the isothermal oxidation tests, SEM, mapping and XRD
analysis results of aluminized Inconel 718 at 700 °C for 5h (7002C-
5h) are shown in Figure 12. In all oxidation stage, compact,
homogenous and continuous alumina scale as well as Cr,0, was
obtained in 700 2C- 5h. The highest increase in oxide thickness was
seen in the first stage of oxidation. The presence of various Ni-Al
phases was detected according to XRD analysis. However, the most
dominant phase is the stable NiAl phase. Besides, sigma phases rich
in Cr and Nb-Mo-rich phases could be seen in SEM and elemental

mapping images. After 25 h oxidation, the oxide scale composing of
alumina shows a slight increase in thickness. According to obtained
SEM and mapping analysis, the same matrix phases as 5 h oxidized
sample are seen. The highest oxide thickness was obtained after
125 h oxidation test. The similar phase distributions in terms of
both matrix and oxide phases were seen at the end of the oxidation,
as well. Porosity or cavity formations were not seen as the other
aluminized samples. The main difference in this sample, the

matrix phase distribution was uniform in each oxidation stage. It
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is thought that the presence of other phases may be effective in
the oxide formation with lower thickness. It is thought that longer
aluminization time and temperature provided to obtain more stable
coating layer since free Al and Al in Ni-Al phases have different
diffusion speed. Therefore, porosity formation can be seen in the

coating layer.

Koech et al. applied to a hot-dip aluminizing on Inconel
718 [41]. The free Al was formed on the top coating layer while
Al3Ni phases formed below this layer. This formation led to big
Kirkendall porosity formation after the oxidation test at 750 °C
for 90h. This result shows that the coating layer did not find an
enough time to form a stable coating layer as process time is short
in hot-dip aluminizing process. In our previous study [15], the pack
aluminization process was subjected to ESR steel at 700 °C for 2, 4
and 6 h. The best oxidation resistance agrees with the current study
in terms of longer aluminization time. We can see that Figure 13
shows the graph of the variation in oxide scale thickness depending

7 | =e=600C-5h
~e-700C-3h
6 —e=700C-5h

Oxide scale thickness (um)

on oxidation time. In the graph, Inconel 718 and 600 2C-3h samples
were not given due to spallation and breakaway oxidation trend. The
obtained graph shows that almost the same oxide growth tendency
was observed in 600 2C-5h and 700 2C-3h while 700 °C-5h exhibits
slower growth. Depending on the obtained thickness, parabolic
growth was seen and the oxide growth rate was calculated based

on the indicated formula below.
X?=k,1+C

where x is oxide thickness (um), kp is parabolic oxide growth
rate (um-h?), t is time and C is constant. The slope of the graph
drawn using the above formula found the k values. The calculated
kp values are 0.115, 0.117 and 0.066 pum-h-1, respectively. The
highest increase was obtained in the initial oxidation stage for all
samples. After the initial oxidation period, oxide growth tends to
increase decreasing. According to obtained k values, the slowest
and reliable oxide growth was seen in 700 2C-5h whereas the others
were near to each other in terms ofkp value.

40 60

a0 100 120

Oxidation time (h)

Figure 13: Oxide growth graph of 600C-5h, 700C-3h and 700C-5h.

Conclusion

In this study, the effect of low temperature aluminizing process
on microstructure, wear and oxidation properties of Inconel 718
was investigated. For this purpose, aluminizing process was applied
to the INC718 substrate at temperatures of 600 and 700°C for 3 and
5 hours. After the production of samples, wear and oxidation tests
were carried out on the samples and obtained results were listed

below.

a) Low temperatures such as 600°C -3 hours can be evaluated
as initial temperatures for aluminide coating formation.

According to XRD analyses, while the Ni3Al phase was obtained
at 700°C, the NiAl, phase of the thin coating layer formed at a
lower temperature (600°C) was determined. Characterization
of the coating layer can be described fully dense and uniform
on the Inconel 718 substrate.

b) Time and temperature has led to positive effect on the coating
layer and varied from 8um to 80 um after aluminizing process.
c) By hardness measurements from the surface to the substrate,

it has been determined that, aluminide coated zone has 960
HV hardness value top of the layer at 700°C whereas hardness
of matrix is about 250HV.
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d) The aluminizing process contributed positively to the wear
resistance of Inconel 718, regardless of temperature and
time. However, with the increasing aluminizing duration and

temperature, wear losses decreased even more.

e) After the oxidation tests, Inconel 718 was severely affected and
formed a thick oxide layer. Delamination and crack formations
were observed during oxidation tests. In 6002C-3h, breakaway
oxidation was seen. The lower coating layer did not provide a
continuous alumina scale on the surface.

f) 600 °C-5h and 700 °C-3h show the similar oxide growth.
However, delamination was seen in 600°C-5h after 25 h
oxidation test. The best oxidation performance was obtained
in 7009C-5h. The fully dense and continuous alumina layer
formed on the surface. The presence of Cr rich sigma phases
and Mo-Nb precipitates provided a positive contribution on

the oxidation behavior of aluminized samples.
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