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Abstract

Aluminum alloying is commonly used to improve its high-temperature oxidation resistance. In
this study, Al was incorporated into nanocrystalline coatings produced by magnetron sputtering
of 310S chromium-—nickel steel. The role of this addition in determining the phase composition
and morphology of the coatings, which influence the formation of protective oxide layers under
high-temperature conditions, was investigated.

The coatings were analyzed using scanning electron microscopy (SEM) and atomic force
microscopy (AFM), with emphasis on surface roughness, as well as X-ray diffractometry
(XRD) to determine crystallite size and phase composition.

It was demonstrated that the addition of aluminum affects phase stability in the coatings. At Al
contents of 1-2 at.%, it results in a twofold reduction in the fraction of the fcc phase in the
coating (and its disappearance at 5 at.%), along with a similar decrease in surface roughness.
At the same time, crystallite size increases while retaining the nanocrystalline structure, creating
favorable conditions for the formation of dense Al.Os oxide layers on the coatings.
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1. Introduction

Magnetron sputtering is a modern and widely used physical vapor deposition (PVD)
technique for the production of thin coatings [1]. During the magnetron sputtering process, the
coating is physically deposited from a target material that is first transformed into a plasma state

(Fig. 1a) [2,3]. This method offers extensive possibilities for the fabrication of coatings with
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complex chemical compositions and on substrates with diverse properties [4,5]. The chemical
composition of the coatings can be modified by incorporating alloying additions in a wide range
of concentrations, regardless of their mutual solubility, unlike in conventional processing
methods [6,7]. The resulting coatings are typically characterized by a homogeneous distribution
of elements throughout their volume [8,9].

The structure and properties of PVD coatings strongly depend on the parameters of the
magnetron process, as well as on the type and temperature of the substrates on which the
coatings are deposited [10,11]. Depending on these factors, the coatings may consist of micro-
or nanocrystals, or even exhibit an amorphous structure, in accordance with the zone model of

thin films developed by J.A. Thornton and later refined by R. Messier (Fig. 1b) [12,13].
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Fig. 1. Magnetron sputtering method: (a) schematic representation of the process, (b)

zone (structural) model of PVD coatings (Tm — melting temperature) [12].

The nanocrystalline size of crystallites in PVD coatings has a beneficial effect on their
mechanical properties (e.g., increased hardness and wear resistance), as well as on their
chemical and physical properties [14-17]. According to Wagner’s theory, under high-
temperature oxidation conditions, nanocrystalline oxide layers form on fine-grained substrates,
resulting in denser and more protective oxide scales [18]. In the case of coatings produced from
sputtered stainless steels, oxidation resistance at elevated temperatures is improved, and the
Cr20s oxide scale exhibits enhanced resistance to thermal shock [19]. The high-temperature
oxidation resistance of steel coatings, similarly to bulk steels, can be further improved by
alloying with aluminum. The primary role of Al is to promote the formation of a dense and

stable Al.Os oxide layer on the surface, which acts as an effective barrier against further



oxidation. As a result, the incorporation of a few weight percent of aluminum can significantly
enhance oxidation resistance, leading to the formation of an additional or independent Al.Os
scale [20-22].

Considering the nanocrystalline structure of the coatings, the aluminum content required
to form a protective and compact Al-Os layer is lower than in bulk steels (typically above 5

wt.% Al) [8,22] (Fig. 2).
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Fig. 2. Effect of Al addition on the oxidation kinetics of a 310S steel coating and a 310S steel
coating containing 2.3 wt.% Al, deposited by magnetron sputtering [8].

Coatings produced by magnetron sputtering of austenitic steels (chromium-—nickel steels
of the AISI 300 series) may exhibit a nonequilibrium phase structure that differs from that of
bulk austenitic steel. Depending on the processing conditions, the coatings may exhibit an
austenitic (fcc), ferritic (bcc), or mixed ferritic—austenitic structure [8,17,20,24]. Furthermore,
the characteristic columnar growth associated with magnetron sputtering results in a complex
and often multiphase microstructure [26].

The aim of this study was to develop chromium-—nickel steel-based coatings with
aluminum additions to enhance their high-temperature resistance and surface roughness
characteristics. Such coatings are widely used in industrial applications where materials are
exposed to severe thermal conditions, contributing potential applicability in systems exposed
to elevated temperatures and oxidation environments. These protective systems are typically
based on ceramics, high-temperature alloys, and oxide-forming coatings.

Despite the widespread application of PVD coatings based on chromium-—nickel steels,

the combined effect of aluminum additions on the phase composition and surface roughness of



nanocrystalline coatings remains insufficiently understood. In this study, coatings were
deposited on both model silicon substrates, commonly employed for precise surface and
morphological characterization due to their low initial roughness, and technologically relevant
steel substrates that more accurately reflect real operating conditions. The novelty of this work
lies in the systematic investigation of the influence of controlled Al additions (1-5 at.%) on the
structural and surface properties of magnetron-sputtered 310S-based coatings, with particular
emphasis on correlating phase evolution (XRD) with nanoscale surface morphology
(AFM/SEM).

The phase and roughness analysis of nanocrystalline coatings based on 310S steel with
the addition of aluminum enabled the evaluation of their structure and surface properties. 310S
steel, being a high-alloy austenitic stainless steel resistant to corrosion and high temperatures,
may exhibit enhanced functional properties due to the application of nanocrystalline coatings.
In the scientific literature, researchers investigate the effect of aluminum addition on the high-
temperature resistance of Fe-Ni-Cr-Al coatings and the mechanisms responsible for the
formation of protective Al-Os layers, which enhance the oxidation resistance of materials [30—
32]. Particular attention is also devoted to the influence of nanocrystalline microstructure and
surface condition on oxidation kinetics and the stability of protective layers [33,34]. Liu et al.
[35] investigated nanocrystalline Fe-Ni-Cr-Al coatings produced by magnetron sputtering using
a composite 310S substrate, demonstrating the beneficial effect of aluminum on high-
temperature oxidation resistance. Furthermore, contemporary studies focus on the relationship
between nanocrystalline structure, aluminum content, and the stability of protective layers
during high-temperature oxidation [36,37]. However, only a limited number of studies concern
the simultaneous analysis of phase structure and roughness parameters of nanocrystalline
coatings based on 310S steel with the addition of aluminum. The novelty of the present work
may be considered the detailed evaluation of the influence of aluminum addition on phase
formation and surface properties of 310S coatings intended for high-temperature applications,

such as gas turbine components, heat exchangers, and industrial furnace parts.

2. MATERIALS AND METHODS
The study material consisted of coatings deposited by magnetron sputtering of heat-
resistant chromium-nickel steel AISI 310S (according to EN X8CrNi25-21), whose standard

chemical composition is presented in Table 1.

Table 1. Standard chemical composition of AISI 310S steel



Steel |C Cr Ni Si Mn P S Fe
310S [<0.08 24-26 19-22 15 <2.0 <0.045 |<0.03 Balance

Discs with a diameter of @100 mm were fabricated from 2 mm thick steel sheets and
used as sputtering targets. The magnetron sputtering process was carried out in a B901 vacuum
system (Hoch Vakuum Dresden) equipped with four magnetrons positioned at 90° relative to
each other—two parallel to the chamber axis and two inclined at 60° to the chamber axis. The
deposition chamber temperature ranged from 150 to 200°C, while the substrate temperature
was maintained at 150°C. During the deposition process, the argon pressure was 0.4 Pa, the gas
flow rate ranged from 23.5 to 30.6 sccm, the target-to-substrate distance was 150 mm, and the
deposition rate ranged from 25 to 36 nm/min. Three targets were used during the deposition
process: two steel targets and spectrally pure aluminum. The aluminum target was used to
introduce Al into the steel-based coatings. The aluminum content in the coatings ranged from 1
to 5 at.%. The resulting coatings were labeled according to the aluminum content (e.g.,
steel+1Al).

Coatings were deposited on two types of substrates: monocrystalline Si(100) wafers and
310S steel. The silicon substrates, due to their very low initial surface roughness, were primarily
used for structural and morphological characterization of the coatings, including SEM
observations, XRD phase analysis, and crystallite size determination. In contrast, steel
substrates were used to evaluate the surface roughness of the coatings under conditions closer
to practical applications. AFM measurements were therefore performed on coatings deposited
on both silicon and steel substrates, enabling a distinction between the intrinsic roughness of
the coatings and the contribution of substrate-related surface features.

The study of the coatings included the determination of structural characteristics (phase
composition and phase content) as well as surface morphology.

Microstructural observations were carried out using a HITACHI S-4200 scanning
electron microscope (SEM). The phase structure and texture of the coatings were analyzed
using X-ray diffraction (XRD) (Seifert 3003TT diffractometer, RayfleX/Analyze software)
with cobalt radiation of wavelength A(KaCo) = 0.17902 nm (U = 30 kV, I = 40 mA). The
diffraction patterns were recorded with a step size of 0.1-0.15° and a counting time of 4-5 s
per step.

Surface morphology and roughness measurements were performed over an area of 3 X

3 um using atomic force microscopy (AFM) in tapping mode (Veeco Multimode 5).



3. RESULTS AND DISCUSSION

Unless otherwise stated, the structural results discussed below (SEM and XRD analyses)
refer to coatings deposited on monocrystalline Si substrates. AFM roughness measurements
were performed for coatings deposited on both Si and steel substrates in order to distinguish
intrinsic coating morphology from substrate-induced surface effects.

The coatings deposited on silicon substrates exhibited a columnar microstructure typical
of PVD processes. This structural feature was reflected in the globular surface morphology
observed in SEM images (Fig. 3). In comparison to coatings without aluminum, the coatings
containing Al exhibited larger surface globules. Moreover, an increase in globule size was
observed with increasing Al content, with the largest features present in the coating containing
5 at.% Al. Due to the irregular shape and multiscale nature of the surface features, although the
globular morphology was not quantified using automated image analysis, SEM observations
indicate an apparent increase in characteristic surface feature dimensions with increasing Al
content. In particular, the coating containing 5 at.% Al exhibited visibly coarser globular
features compared to the Al-free coating. Due to the irregular geometry and overlapping of the
globules, these observations should be interpreted as semi-quantitative trends rather than exact
measurements. Therefore, the observations presented here should be treated as indicative trends

rather than precise quantitative measurements.

Fig. 3.Surface morphology of 310S steel coatings with different Al contents, observed by SEM

(coatings deposited on silicon substrates).



3.1. Phases Present in the Coatings

The diffraction patterns of the coatings are shown in Fig. 4. Despite the austenitic
structure of the steel target material used for sputtering, all coatings exhibited a structure
dominated by the bee (a-Fe, ferrite) phase, which is metastable under equilibrium conditions.
This phase showed a pronounced crystallographic texture, as indicated by intensity ratios
deviating from standard reference patterns (PDF-4+ database). In particular, an enhanced
intensity of the (110) reflection and relatively lower intensities of the (211) and (200) reflections
were observed (Fig. 4a).
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Fig. 4. X-ray diffraction patterns of 310S steel coatings with different Al contents (1-5 at.%)
deposited on silicon substrates: (a) diffraction patterns of the coatings, (b) comparison of the
main a-110 and y-111 reflections.

The XRD analysis performed using Co Ka radiation revealed the presence of the fcc (y)
phase in coatings without aluminum and in coatings containing 1 and 2 at.% Al (Fig. 4b). In
contrast, the fcc phase was not detected in the coating containing 5 at.% Al. Due to the applied
radiation wavelength, only the main y-111 reflection of the fcc phase was observed in the
diffraction patterns (Fig. 4b). The mass absorption coefficients of the investigated coatings
ranged from 142 to 151 cm?/g. This indicates that, in the angular range corresponding to the
main phase reflections (20 = 50-53°), the XRD measurements probed the entire thickness of
the coatings.

Example pole figures of the a-110 planes in the coatings are presented in Figure 5. These
plots illustrate the crystallographic texture of the coatings, with the intensity distributions
confirming the presence of a strong preferred orientation with dominant texture component
associated with the bcc phase. In the steel + SAl coating, the texture was the strongest and can
be described as fibrous, with (110) planes of the bee phase forming preferentially parallel to the

substrate surface during growth.
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Fig. 5. Pole figures of the a-110 planes illustrating the crystallographic texture of the main

phase in the coatings.

3.2. Phase Composition in Coatings

The presence of crystallographic texture limits the accuracy of quantitative phase
analysis based on XRD measurements. However, considering that both the y (fcc) and a (bce)
phases were formed under the same deposition conditions—i.e., under identical plasma
parameters and substrate bias—it was assumed that both phases were affected by similar texture
effects. Furthermore, since the phases exhibit comparable X-ray absorption coefficients, an
approximate estimation of the fcc phase fraction in the coatings was performed by comparing
the integrated intensities of the main reflections of both phases, namely y-111 and a-110. The
integrated intensities of these reflections were determined using pseudo-Voigt function fitting.

Examples of the peak fitting procedure are shown in Fig. 6.
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Fig. 6. Examples of pseudo-Voigt fitting of the y-111 and a-110 reflections for 310S steel

coatings without and with Al addition.

The fitting of the diffraction peaks using a pseudo-Voigt function was performed with



Rayflex/Analyze software. An automatic selection of the Gaussian and Lorentzian components
was applied. The Gaussian fraction was approximately 0.7 for the a-110 reflection, while for
the weaker y-111 reflection it ranged from 0.7 to 1.0.

The volume fraction of the fcc phase in the coatings was estimated based on XRD
measurements using Co Ka radiation and the integrated intensities of the fitted reflections. The
estimated fraction of the y phase ranged from approximately 23.5% in the coating without Al
addition to about 10% in coatings containing 1-2 at.% Al. In the coating containing 5 at.% Al,
the fcc phase was not detected. The results of the estimated fcc phase fractions in the coatings

are presented in Fig. 7.
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Fig. 7. Phase fractions of the fcc phase in the coatings determined from measurements using
KaCo radiation based on the y-111 and a-110 reflections described by the pseudo-Voigt

functions.

The crystallite sizes of the phases present in the coatings were estimated using the
Scherrer method [27] based on the full width at half maximum (FWHM) of the fitted diffraction
peaks. The results confirm the nanocrystalline structure of the coatings.

In the coating without Al addition, the X-ray crystallite sizes of both phases (fcc and
bee) did not exceed 12 nm. The addition of Al led to a gradual increase in the crystallite size of
both phases. In the case of the bee phase, the average crystallite size in the coating containing

5 at.% Al was approximately 20 nm (Fig. 8), as indicated by a noticeable decrease in the FWHM



of the a-110 reflection.
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Fig. 8. X-ray crystallite size of phases in 310S steel coatings (steel, steel + 1Al, steel + 2Al, and
steel + 5AI) deposited on a Si substrate.

3.3.Surface roughness of the coatings

The surface roughness of the coatings was analyzed for samples deposited on both
monocrystalline silicon substrates and 310S stainless steel substrates. Although the steel
substrates were mechanically polished prior to deposition, residual technological scratches
remained on their surfaces. These surface features were replicated in the deposited coatings,
leading to an increased overall roughness. In contrast, coatings deposited on monocrystalline
silicon exhibited their intrinsic roughness, determined primarily by their microstructure and
chemical composition. Therefore, the roughness of coatings deposited on steel substrates
reflects a combination of the substrate roughness and the intrinsic roughness of the coatings. A
comparison of surface topography for coatings deposited on silicon and steel substrates,

obtained over an area of 3 x 3 um (9 um?), is presented in Figs. 9 and 10.
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Fig. 9. 2D and 3D AFM images of the surface morphology of coatings deposited on Si
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Fig. 10. 2D and 3D AFM images of the surface morphology of coatings deposited on steel

substrates.

A comparison of the roughness parameters Ra, obtained from AFM areas, for coatings

deposited on both substrates, measured over an area of 3x3 um, is presented in Figure 11.
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Fig. 11. Surface roughness parameter Ra for coatings deposited on steel and monocrystalline

Si substrates, measured over an area of 3 x 3 um (coating thickness: 5—6 um).

The data presented in Fig. 11 indicate that the addition of Al reduces the surface
roughness of the coatings compared to the coating without additives (approximately 12 nm).
The surface roughness parameter Ra of coatings containing Al ranged from 6 to 8 nm. These
results suggest that the deposition of Al-containing coatings may partially reduce the
contribution of substrate-related surface irregularities to the overall roughness, particularly in

the case of coatings applied to real industrial substrates.

4. SUMMARY AND DISCUSSION

The results of this study indicate that coatings produced by magnetron sputtering of
310S chromium—nickel steel (X8CrNi25-21) exhibit a phase composition different from that of
conventional austenitic steel in bulk form. The investigated coating, deposited on a single-
crystal silicon substrate, was composed predominantly of a metastable bcc phase, while the
volume fraction of the equilibrium fcc phase was approximately 23%.

The addition of 1-2 at.% Al to the coatings resulted in a further reduction of the
equilibrium fcc phase fraction to approximately 10%. At an Al content of 5 at.%, the coatings

exhibited a fully bee structure. These changes in phase composition suggest a ferrite-stabilizing



effect of aluminum under magnetron sputtering conditions.
The observed phase evolution may also indicate a shift of the phase boundary between
the o + y and y regions in the Fe—Cr—Ni phase diagram due to the presence of Al in the coatings,

as schematically illustrated in Fig. 12.
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Fig. 12. Chemical composition of 310S steel (*) shown on the Fe—Cr—Ni phase diagram, with
the hypothetical shift of the a+y / y phase boundary line resulting from magnetron sputtering
and the addition of Al indicated.

It should be emphasized that sputtering conditions strongly affect all coating parameters
[28], and that conclusions should be drawn based on series of coatings produced under identical
magnetron sputtering conditions (including, among others, the equipment, target material, and
the type and positioning of substrates). For example, coatings produced by the authors using
the same apparatus but in a different experimental series exhibited a fully bece structure for a
composition similar to that in the present work: 310S steel with the addition of 2.3 wt.% Al (~5
at.% Al). However, in that case, the coating of 310S steel without Al addition was also entirely
bee, unlike the coatings investigated in the present study [8].

As a result of aluminum addition, the crystallite sizes of the phases present in the
coatings increased. Crystallites in the coating without Al had an average size of 12 nm, whereas
in coatings containing 2—-5% Al they increased to 18—20 nm. This effect of aluminum differs
from the expected behavior, since a greater number of components in a magnetron-sputtered
alloy usually promotes grain refinement. It can therefore be assumed that, in this case, the effect
of lowering the homologous temperature (Fig. 1b) during alloy sputtering due to Al addition
outweighed the influence of increased compositional complexity in the coating. Similar results

were reported by other authors, including [8, 22].



The increase in crystallite size and the reduction in the fraction of the second phase
resulting from the addition of 1-5% Al were accompanied by a decrease in coating roughness
from approximately Ra = 12 nm to an average of about 7 nm, which important for the formation
of a uniform oxide layer on the coating at elevated temperature. This observation may be
beneficial from the standpoint of applying such coatings to real steel components, whose
surfaces are characterized by higher roughness than the silicon substrates used in this study.

Figure 13 compares the roughness of coatings produced by the authors in the same
vacuum system: the coatings investigated in the present work deposited on Si and those reported
in [8] deposited on steel. For comparison, data for 310S steel coatings obtained by Liu et al.
[29] and deposited on substrates of the same steel were used as a reference. Although the steel
substrates used for coating deposition were polished in a similar manner, at the Ar pressure
applied in the present study the Al-containing coatings deposited on Si exhibited lower

roughness than the others.
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Fig. 13. Surface roughness of 310S coatings (deposited on 310S steel substrates) obtained in
the present study and in the work of other authors. The figure was constructed based on Fig. 4

in the paper by Liu et al. [29].

Conclusions
The results of investigations of magnetron-deposited 310S steel coatings with 1-5 at.% Al,

deposited on single-crystal Si substrates, are consistent with trends reported for sputtered Fe—



Cr—Ni—Al systems, including coatings produced by other techniques such as thermal spraying.
However, the strong influence of magnetron sputtering process parameters on the development
of such coatings should be emphasized. Previous studies have shown that in these coatings:

— without Al addition, the structure may be two-phase (bcc/fcc) or single-phase (bcc),

— the addition of at least 5% Al leads to the disappearance of the fcc (y) phase,

— Al addition reduces coating roughness (Ra < 8 nm) and increases the nanocrystallite size

(D < 20 nm) of both bcc and fcc phases with increasing Al content in the coating.

Nanocrystalline 310S steel coatings containing up to 5 at.% Al, being single-phase and
characterized by low roughness, exhibit structural features that may favor the formation of
dense oxide layers during high-temperature exposure.
Control of aluminum content in the coatings can therefore be an effective tool for
microstructural engineering of protective coatings, enabling the design of materials with
tailored phase composition, crystallite size, and surface roughness, which may contribute to

improved oxidation behavior under high-temperature conditions
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