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Abstract: The Ni-base superalloys facing high temperature require further protection against high
temperature oxidation. One of the most common methods providing high temperature oxidation
resistance is the production of aluminide layers (NiAl-coatings). It is known that the thickness of
produced diffusion layer can be controlled by the temperature and time of aluminization process.
However, no research on the effect of surface roughness on aluminization kinetics was conducted so
far. Then, to elucidate the effect of surface roughness on aluminization kinetics, diffusion layers were
obtained by an in-pack aluminization method on the IN 617 alloy with differently prepared surfaces,
namely polished, ground using 220 grit SiC paper and 80 grit SiC paper. The obtained results revealed
that different surface preparation does not affect the chemical and phase composition of produced
layers. However, a strong influence of surface preparation method on aluminide layers thicknesses
was observed. Namely, it was found that the increase in substrate surface roughness results in an
increase of aluminization kinetics. The dependence between surface roughness and thickness of
aluminide layers was found to be logarithmic. Moreover, it was found that the aluminization kinetics
is influenced, especially at early stages of the aluminization process.
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1. Introduction

The metallic materials experiencing high temperatures suffer due to high temperature oxidation
i.e., they start oxidizing, i.e., the metals react with oxygen to produce so-called oxide scales. The oxide
scales consist of MxOy (ceramics); therefore, they possess completely different mechanical properties
(e.g., coefficient of thermal expansion (CTE)), in comparison with metals/alloys. The mismatch of CTE
leads to the occurrence of stresses at the oxide scale/alloy interface. These stresses can be relaxed by
crack formation within the oxide scale, whereas crack linking causes oxide scale spallation. The areas
with spalled oxide scale are in direct contact with the atmosphere; therefore, they start to react once
again. Repetition of spalling and re-growth of the oxide scale leads to reducing of the component wall
thicknesses. The latter causes a decrease in mechanical properties of metallic components, which in
turn leads to catastrophic failure. Therefore, the formation of as much protective oxide scale as possible
is desired. Based on Ni, Cr, and Al content, Ni-base alloys are classified to be nickel oxide (NiO),
chromia-(Cr2O3) or alumina (Al2O3) forming alloys [1]. Among the above-mentioned oxides, NiO is
claimed to be a non-protective oxide scale due to its relatively high growth rate [2]. Chromia scale
(Cr2O3) is classified to be a protective oxide scale. Despite the protective properties of chromia scale,
chromia forming alloys cannot be successively used at temperatures above 1050 ◦C, due to relatively
high volatilization of chromia species [3]. Alumina scale (Al2O3) is the most protective oxide scale and
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its formation during exposure at high temperature is desirable [4]. In the case of providing a sufficient
durability of the materials used in the hottest regions of gas turbines and/or jet engines, a further
protection against high temperature oxidation has to be provided [5]. In general, the protective coatings
providing high temperature oxidation resistance can be manufactured either by plasma spraying
of MCrAlY-types coatings (where M = Ni or Co) [6–9] or by aluminide layers manufacturing [10].
The aluminide coatings consisting of an β-NiAl phase can be produced using slurries containing
Al [11,12], physical or chemical vapor deposition [13], additive manufacturing [14,15], or by in-pack
thermochemical treatment [16,17]. It was shown that the thickness of produced aluminide coatings
can be controlled by the time [18,19] and process temperature [20,21]. It is known from the literature
that the surface roughness can influence the high temperature processes’ kinetics [22,23]. The effect of
substrate roughness on the thickness of aluminide coatings described in the literature is limited and
not consistent. Sreenath et al. [24] investigated the influence of surface roughness of low alloyed steel
on the thickness of an aluminide layer produced by pack diffusion aluminization. The authors did not
find any obvious effects. On the contrary, in the work of Dong et al. [25], the effect of substrate surface
roughness on the thickness of an aluminide layers formed on 316L stainless steel was found. The
authors found that the thickness of FeAl-coatings decreased with increasing gradation of SiC paper
used for substrate surface preparation prior to the aluminizing process.

It is well known that the oxidation resistance of elements with an aluminide coatings mainly
depends on Al-reservoir. Then, it is expected that manufacturing of thicker coatings will result in
longer component lifetime. So far, no single research was conducted to investigate the effect of surface
roughness of Ni-base superalloys on kinetics of aluminide layer growth during in-pack aluminization.
Therefore, the aim of the present study is to investigate and quantitatively describe the role of substrate
surface roughness on kinetics of the in-pack aluminization process of the Ni-base superalloy IN 617.

2. Materials and Methods

In the present work, aluminide coatings were made by in-pack thermochemical treatment using
Ni-base superalloy IN 617 (GoodFellow Cambridge Limited, United Kingdom) with following nominal
chemical composition: Ni-bal., Cr-22.0, Co-12.5, Mo-9.0, Al-1.2, Mn-0.5, C-0.1 and B-0.01 wt.% as a
substrate. From a bar of base alloy, rectangular specimens with dimensions of 15 × 15 × 4 mm were cut.
Then, all surfaces were ground using an abrasive SiC papers with increasing gradation up to 1000 grit.
For such prepared samples, three types of surface preparation methods were performed. Namely, the
first set of specimens was polished using 1 µm diamond suspension (set I), the second set was left
with surface ground up to 1000 grit (set II), and the third set was ground using SiC paper with 80 grit
(set III). Each set consisted of two samples with the same surface preparation steps. The substrate
surface roughness was analyzed using a laser profilometer Sensofar S-Neox Non-contact 3D Optical
Profiler (Sensofar, Barcelona, Spain). To minimize the effect of anisotropy of the ground surfaces,
the roughness was always performed in the direction perpendicular to the grinding direction. After
surface roughness description samples were subjected for aluminizing in powder mixture consisting
of 3% NH4Cl (POCH S.A., Gliwice, Poland), 15% Al (Przedsiębiorstwo Wielobranżowe “B & K”,
Bytom, Poland), and 82% Al2O3 (Oerlikon METCO, Salzgitter, Germany) (expressed in wt.%). The
aluminizing was performed in tube furnace at 1000 ◦C according to the following procedure: samples
were placed in rectangular, open crucible filled with the powder mixture up to half height and then
filled up with the mixture to full height of crucible to provide a full contact of all samples’ surfaces
with powder mixture. Then, the crucible was placed into the glass tube, closed and flushed with a
high purity argon (5 N) for one hour. After flushing, a tube with crucible was moved into the hot zone
of the furnace (heated up to 1000 ◦C) and kept for one hour. After one hour of aluminizing, the tube
with a crucible was moved outside the furnace (cold zone) and cooled down under constant argon
flux. The same procedure was applied for aluminizing for five hours (time for exposure in the hot
zone of the furnace). After cooling, the samples were taken out from the crucible, their surfaces were
cleaned from powder mixture particles remaining at the surfaces by blowing with compressed air and
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subsequent ultrasonic cleaning in ethanol and subjected for phase analysis. For phase composition
identification, an X-ray diffractometer Miniflex II made by Rigaku was employed. The copper lamp
(CuKα, λ = 0.1542 nm) with a voltage of 40 kV was used as an X-ray source. The measured 2θ angle
ranged between 20–120◦ with a step size of 0.02◦/s. After X-ray diffraction XRD measurement, the depth
profiles showing distribution and concentration of alloying elements as function of sputtering time of
aluminized samples using glow discharge optical emission spectrometer (GD-OES) made by Horiba
Jobin Yvon (HJY, Longjumeau, France). was done. The quantification of GD-OES depth profiles was
done according to the procedures described in references [26–28]. After depth profiling, the samples
were prepared for microstructure studies using standard metallographic procedures. Cross-sections
analyses were obtained using a light optical microscope (LOM) Nikon EPIPHOT 300 (Nikon, Tokyo,
Japan) and scanning electron microscope (SEM) Hitachi S3400N (Toshiba, Tokyo, Japan). The SEM
analysis was performed under 15.0 kV operating voltage with 40 Pa pressure using backscattered
electron (BSE) mode measured by an energy dispersive spectrometer (EDS). The thickness of the
coatings was calculated based on thirteen measurements on three different, randomly chosen locations
on the cross-sections.

3. Results

3.1. Substrate Surface Roughness Description

Based on the measurement of surface roughness by a laser profilometer, parameters Ra

(describing surface roughness) and SDR (indicating surface-to-volume ratio) were calculated according
to the equation presented in Ref. [29] and shown in Table 1.

Table 1. Roughness parameters describing samples surface calculated based on laser profilometry.

Parameter Surface Preparation Method

Polishing (1 µm) Grinding (1000 Grit) Grinding (80 Grit)

Ra (µm) 0.00949 0.0113 0.473
SDR (%) 0.000355 0.000943 3.23

3.2. Characterization of Aluminized IN 617

A typical microstructure of IN 617 after in-pack aluminization consists of three layers: an outer
NiAl-coating, an interdiffusion zone (IDZ), and substrate zone as depicted in Figure 1. The presence
of NiAl-coating in the outer part of the sample is confirmed by SEM/EDS elemental maps shown in
Figure 2. Elemental maps revealed that IDZ is also divided into two sub-zones. Both sub-zones are
rich in Cr and Mo; however, the upper part of this zone is richer in Cr, whereas the bottom part in Mo.
Bright precipitates are observed within an outer NiAl-coating in a dark grey matrix. The SEM/EDS
point analysis revealed that the bright precipitates are enriched in Cr and Mo (point 1 in Figure 3
and the respective EDS spectrum) in comparison with a dark grey matrix, which is rich in Ni and Al
(point 2 in Figure 3 and the respective EDS spectrum). The XRD analysis performed on the surface of
an aluminized IN 617 shown in Figure 4 allowed an identification of the phases in the near-surface
region as β-NiAl (dark grey phase) and carbides Cr3C2 and Cr7C3 as bright precipitates. Since the
thickness of an outer NiAl-coating is higher than 20 µm, then measurement of the phases present in
the IDZ is hardly possible for this type of analysis.
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Figure 1. Representative image showing typical microstructure of the aluminide layer obtained on IN 
617 during pack thermochemical treatment. The typical zones are marked in the figure as follows: 
NiAl-coating describes the aluminide layer, IDZ shows the interdiffusion zone, and the substrate 
shows the zone of unaffected IN 617. 

 
Figure 2. SEM/EDS elemental concentration maps performed on the representative cross section of 
aluminized IN617 in the as-prepared condition. More intensive color indicates higher concentrations 
of a given element. 

Figure 1. Representative image showing typical microstructure of the aluminide layer obtained on
IN 617 during pack thermochemical treatment. The typical zones are marked in the figure as follows:
NiAl-coating describes the aluminide layer, IDZ shows the interdiffusion zone, and the substrate shows
the zone of unaffected IN 617.
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Figure 2. SEM/EDS elemental concentration maps performed on the representative cross section of
aluminized IN617 in the as-prepared condition. More intensive color indicates higher concentrations of
a given element.

3.3. Effect of Surface Roughness on Aluminization Kinetics of IN 617

The microstructures of IN 617 after in-pack aluminizing are shown in Figure 5. As visible, an
increase in time of aluminizing results in an increase in depth of NiAl-coating as well as IDZ for all of
types of surface preparation methods (compare Figure 5a–f). However, after both aluminization times
(1 h and 5 h), an effect of surface preparation methods on depth of aluminide layers and IDZ is also
observed (compare Figure 5a,c,e—1 h, and Figure 5b,d,f—5 h). One can observe that a more rough
surface preparation method results in the thickening of produced coatings and IDZ at both tested times.
Since the coating quality is not affected by initial substrate roughness in their volume (all coatings are
dense over their thicknesses), then their very outer surface seems to be affected by initial substrate
roughness and time of aluminizing. Namely, the presence of loose particles and/or defragmented are
observed on the surface of aluminized alloy with surface ground by 1000 grit sand-paper (Figure 5c,d),
and partial defragmentation of outer part of the coating is observed for aluminized alloy with surface
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ground by 80 grit sand-paper (Figure 5e,f). Defragmentation of the outer part of aluminide layer most
probably occurred during the cross-sections preparation.J. Manuf. Mater. Process. 2020, 4, 15 5 of 11 
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marked points of EDS point analysis and the EDS spectra obtained for marked points 1 and 2, 
respectively. The arrows show the peaks’ intensities obtained for Cr and Mo. 

Figure 3. SEM/EDS image showing the microstructure of the aluminide layer on IN 617 with the marked
points of EDS point analysis and the EDS spectra obtained for marked points 1 and 2, respectively. The
arrows show the peaks’ intensities obtained for Cr and Mo.

The GD-OES depth profiles measured on all samples (depicted in Figure 5) are shown in Figure 6.
Qualitatively, all measured GD-OES depth profiles are similar. In the NiAl-coating zone (see description
in Figure 6), an enrichment of Ni and Al is obviously observed. In the outer part of the NiAl-coating,
a co-enrichment of Cr and Mo is observed. In all measured GD-OES depth profiles, a small quantity
of Co (up to 6 at.%) in the NiAl-coating is observed. Since the in-pack aluminizing process is a high
activity process, then the coating grows inwardly. The alloy contains 12.5 wt.% Co (12.1 at.%); then,
it is assumed that, during coating growth, not every atom of Co diffused back into the alloy, and it
remains at the level of about 6 at.%. The backward diffusion of Co caused its depletion in the outer
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part of IDZ and slight enrichment in the bottom part of IDZ. In the IDZ, a strong enrichment in Cr, Mo,
C, and B is observed accompanied with a drop in an Al concentration profile. It is worth mentioning
that the max concentration of B is up to a few tenths of at.%. After longer sputtering time, a zone
of a non-affected substrate is observed, where measured concentration for the elements is constant.
As mentioned, the measured depth profiles are qualitatively similar. For major alloying elements,
the differences are marginally in local elements’ concentrations and mainly in the sputtering times.
However, it can be observed that, with an increase in initial surfaces roughness and longer growth
times, C becomes the dominant element within the IDZ. This can be correlated with thickening of an
outer NiAl-coating accompanied with the widening of IDZ in which carbides are formed.J. Manuf. Mater. Process. 2020, 4, 15 6 of 11 
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Figure 4. X-ray diffraction (XRD) patterns obtained from aluminized IN 617 after: (a) 1 h and (b) 5 h 
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aluminized IN 617 after: (a,c,e) 1 h and (b,d,f) 5 h of in-pack aluminization of IN 617 with: (a,b) 1 µm
polished, (c,d) 1000 grit and (e,f) 80 grit ground surfaces.
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4. Discussion

In the present work, the influence of surface preparation method on aluminizing kinetics was
investigated. To evaluate this issue, surfaces of IN 617 were prepared by different methods, namely
polishing and grinding using 220 grit and with 80 grit sand paper. Obviously, it was noticed that more
rough surface preparation results in a higher Ra value. Apparently, increasing the Ra parameter is
accompanied with increasing surface-to-volume ratio (represented by SDR parameter). However, it is
noticeable that the differences between the aforementioned parameters calculated for polished and
ground (1000 grit) surfaces are very small. Contrarily, values obtained for surfaces ground with 80
grit sand-paper are significantly higher in comparison with polished and ground with 1000 grit paper
(Table 1). The obtained analytical results showed that the different substrate surface roughness did not
alter the phase composition of the aluminizing products. In all aluminized IN 617 specimens, a presence
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of β-NiAl as well as two types of carbides, namely Cr3C2 and Cr7C3,, was observed. The findings
by XRD analysis were confirmed by GD-OES depth profiles; namely, in the regions where carbides
formation was expected—in the outer part of the NiAl-coating and in the IDZ—a co-enrichment of Cr,
Mo and C was observed (see Figure 6a–f). There is a slight mismatch between the XRD and GD-OES
results; namely, XRD results showed formation of Cr-carbides only, while, in GD-OES, co-enrichment
of Cr and Mo is observed in the region of carbides’ presence; however, Mo is enriched maximum up to
few at.%. Moreover, Mo can substitute Cr in carbides without changing the lattice parameters; then,
XRD identifies the phases as Cr-carbides. No changes in chemical composition of aluminized IN 617
were observed for all investigated samples after aluminization. Then, one can conclude that the surface
mechanical modification did not affect the phase composition.

On the contrary, a clear effect of surface roughness on aluminization kinetics is observed
(see e.g., Figure 5). To evaluate the effect of surface preparation method on aluminization kinetics,
depths of an outer NiAl-coatings and IDZ’s were measured on the cross-sections of each aluminized
samples. The results are shown in Figure 7. To quantify the effect of surface preparation method on
aluminization kinetics, a plot showing the dependence of measured coatings depths as a function of
SDR parameter was produced. As visible in Figure 7, increasing SDR parameter resulted in an increase of
coatings depths—both NiAl-coatings as well as IDZ’s. The direct dependence between SDR (parameter
describing surface-to-volume ratio) and the thicknesses of the NiAl-coatings (marked with filled circles
in Figure 7) and IDZ’s (shown by filled rectangles in Figure 7) was found to be logarithmic, except the
curve obtained for NiAl-coatings after 1 h of aluminizing. It is clear from Figure 7 that the increase in
SDR parameter is proportional to the increase of aluminization kinetics. However, one should mention
that the slope of fitting curve differs, namely after a 5 h process, is higher in comparison with 1 h.
Moreover, as observed for NiAl-coatings after 1 h of aluminization, logarithmic fitting failed; namely, a
bigger increase in NiAl-coatings thickness is found. After the first hour of aluminizing, an increase
from SDR = 0.000355% to SDR = 0.000943% resulted in a bigger change of NiAl-coating thickness. This
finding is confirmed by an SEM investigation of the cross-sections (Figure 5), GD-OES depth profiles
(Figure 6), and coating thickness measurement (Figure 7). This indicates that the kinetics of in-pack
aluminization process is much more affected by surface roughness at the early stages of process than
after a longer time.
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5. Conclusions

The results obtained in the present work allowed for formulating the following conclusions:

1. Different surface roughness did not affect the phase composition of aluminide layers and IDZ
produced on the alloys with differently prepared surfaces.

2. Strong influence of surface roughness on aluminization process kinetics was observed at both
exposure times, namely an increase of surface-to-volume ratio (represented by SDR parameter)
resulted in an increase of both: NiAl-coating and IDZ’s thicknesses.

3. The dependence between the SDR parameter and the measured thicknesses was found to be
logarithmic. The slope of the fitting curves was different for different measured zones and
exposure times.

4. Aluminization kinetics is much more influenced by a surface preparation method at early stages
of the process rather than later.
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