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Abstract: Alumina dispersion-strengthened 316L stainless steels were successfully produced using at-
trition milling and spark plasma sintering. Two different composites (316L/0.33 wt% and 316L/1 wt%
Al2O3) were prepared by powder technology. The attrition milling produced a significant morpholog-
ical transformation of the globular 316L starting powders and provided a homogeneous distribution
of the nanosized alumina particles. The XRD results confirmed that the 316L steel was an austenitic
γ-Fe3Ni2. The formation of a ferrite α-Fe phase was detected after milling; this was transformed to the
austenitic γ-Fe3Ni2 after the sintering process. The addition of nanosized alumina particles increased
the composites’ microhardness significantly to 2.25 GPa HV. With higher amounts of alumina, the
nanosized particles tended to agglomerate during the milling process. The friction coefficient (FC)
of the 316L/0.33 wt% Al2O3 and the 316L/1 wt% Al2O3 decreased because of the increase in the
composite’s hardness; FC values of 0.96, 0.93 and 0.85, respectively, were measured respectively
for the 316L reference, the 316L/0.33 wt% and the 316L/1 wt% Al2O3. The 316L/0.33 wt% Al2O3

composite had a higher flexural strength of 630.4 MPa compared with the 316L/1 wt% Al2O3 with
386.6 MPa; the lower value of the latter was related the agglomeration of the alumina powder during
attrition milling.

Keywords: oxide dispersion-strengthened steel (ODS); spark plasma sintering (SPS); mechanical
alloying (MA); tribological properties; bending strength

1. Introduction

The increasing demand for more economically profitable and safer reactors directly
imposes the great need for the development of new materials that can withstand extreme
and aggressive working conditions and provide a reactor with a longer working life [1].
The development of new materials for future nuclear reactors imposes the need to develop
the manufacturing processes as well as assessments of the performance [2]. The compati-
bility of the construction material’s properties and the working conditions of the nuclear
reactors are still major concerns for the long-term safety and environmental degradation [3].
Currently, material scientists are facing major challenges imposed by the increasing need
for novel materials that can withstand the extreme working conditions of the future gen-
erations of nuclear reactors [4], such as fusion and fission nuclear power [5], and this is a
priority because any material failure can result in a severe accident [6]. Viswanathan et al.
reported the challenges and advances in nanocomposite processing techniques, and that
the manufacturing process of the materials has a direct impact on their final properties.
The traditional sintering processes involved in powder technology are known for their
inability/limitations in retaining nanosized particles in the final product/material. On
the other hand, powder metallurgy is a key factor for developing new nanotechnology
materials for different industries and applications such as medicines, engineering and
energy. The nanocomposite materials are known for their ability to provide greatly en-
hanced mechanical, chemical and physical properties that are currently in great demand
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for advanced applications in cutting-edge technologies [7]. Nanosized materials have been
attracting more attention recently and different manufacturing processes are in use for their
development, parallel to investigations of their corrosion resistance [8]. It is well known
that mechanical alloying (MA) is an effective and easy process of obtaining nanosized
microstructures with a higher content of reinforcement phases. MA allows for controlled
homogeneous distribution of the particles in the grain boundaries; moreover, it is possible
to obtain fully dense composites with enhanced mechanical properties [9]. The oxide
dispersion-strengthened (ODS) steels are promising candidates as structural materials for
application in advanced nuclear reactors because of their higher radiation resistance and
enhanced mechanical properties [10,11]. The thermally stable oxide particles imbedded in
the ODS steels provide massively enhanced mechanical properties. On the other hand, the
general disadvantage of powder metallurgy technology is the relatively time-consuming
manufacturing/preparation of the powders [12]. Xiang Long Guo et al. reported that
ODS composites with a high Cr content have a good corrosion resistance in supercritical
water reactors [13]. Other research has shown that post-process treatments can significantly
reduce the density of cracks in the materials produced [14].

Ben Zine et al. investigated the addition of SiC and Si3N4 to 316L stainless steel
produced by attrition milling and spark plasma sintering (SPS).

In our previous studies, both 316L/0.33 wt% SiC and 316L/1 wt% SiC composites
showed similar grain morphologies with flake-like grains after milling, and the SiC par-
ticles were homogeneously dispersed and covered the steel grains. The addition of the
SiC particles significantly increased the 316L steel’s microhardness. The complex grain
boundaries created higher crack propagation resistance during the three-points bending
test, where a combination of intergranular and transgranular crack propagation has been
observed during investigation of the fractures’ surfaces by SEM [15].

In the case of the 316L/Si3N4, due to the agglomeration of silicon nitride during the
milling process, powder mixtures with different grain sizes and shapes of 316L stainless
steel were obtained after milling in the case of the 316L/1 wt% Si3N4, whereas more uniform
flake-like grains with different sizes were obtained in the case of the 316L/0.33 wt% Si3N4.
The Si3N4 particles’ distribution along the grain boundaries of the sintered samples were
observed by TEM. The different grain morphologies and the agglomeration of Si3N4 in the
case of 316L/1 wt% Si3N4 directly affected the microhardness and the flexural strength
of the sintered composite, where lower values were measured in comparison with the
316L/0.33 wt% Si3N4 [16]. Recently, many researchers have intensively developed and in-
vestigated aluminium-containing alloys/composites as promising construction candidates
for future nuclear reactors [17,18].

The corrosion of the structured and fuel is a major problem in the development of
heavy liquid metal cooled nuclear energy and transmutation reactors. As a solution to
this problem, a protective stable oxide layer is needed. Weisenburger et al. reported
that alloying stable oxide formers into the surface is a suitably efficient procedure for
protecting the base material. With a content of 4–10% aluminium, a thin, stable and
protective layer formed on the surface as a result of the diffusion of aluminium. The
slowly formed layer acted as double-sided barrier, which prevented oxygen’s migration
to the steel; on the other side, it keeps the steel’s components from migrating to the
surface [19]. The formation of a dense alumina layer or aluminium-modified Cr2O3 on
the surface can provide good resistance against corrosion and oxidation to many Fe and
Ni based alloys [20–22]. The resistance of the Al-Fe coating against corrosion increases
with the formation of the LiAlO2 layer; however, this protective layer is not permanent, as
it degrades as a result of an insufficient amount of aluminium in the Al-Fe coating. The
results show that the minimum amount needed to maintain the protective layer should
be between 25% and 36% [23]. Pawel et al. observed that the samples which had been
exposed to temperatures above 500 ◦C lost mass, which may indicate that the alumina-rich
film was not completely stable; as a result, it may increase the incubation time which is
associated with dissolution and wetting [24]. The FeCrAl-ODS currently being studied
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is a safer material and a promising candidate as a construction material for the cladding
of light water reactors and as an accident=tolerant fuel. One of the main advantages is
the formation of a protective alumina layer [6,17,25]. However, ferritic alloys with a high
content of Al and Cr tend to become brittle during the manufacturing and service process as
a result of the formation of brittle phases. A study showed that FeCrAl composites with low
chromium and high aluminium contents have better properties compared with the FeCrAl
alloys with a higher Cr and lower Al content [26]. The formation of massive Al2O3 particles
in the grain boundaries partially suppresses the spinodal decomposition, which results
in the formation of the FCC phase at high sintering temperatures [11]. The formation of
alumina particles is possible during the mechanical alloying process [27]. Low-temperature
sintering is essential for the homogeneous distribution of the nanosized FeAl2O4 within
the FeAl matrix [28]. The 16Cr-3Al ODS composites showed better corrosion resistance
compared with 16Cr ODS composites because of the formation of a double layer of Al2O3
and a Cr2O3 and Al2O3 layer on top of it. The diffusion rate of oxygen was decreased
significantly [29]. The protection of the base material against microstructural degradation
and elemental dissolution was possible through the formation of the alumina layer on
top of the aluminide layers through controlled thermal cycling; on the other hand, the
formation of self-healing oxides in/between the aluminide scales during thermal cycling
was observed [30]. The addition of Al particles could significantly increase the ductility but
it decreased the strength of the 9Cr-ODS steel because of the formation of large nanosized
Y-Al-O particles [31]. Other research has shown that it is possible to increase the corrosion
resistance of austenitic steels by adding aluminium [32].

Other researchers have investigated improvements in the wear and corrosion resis-
tance by incorporating hard particles into coatings using different techniques such as
plasma electrolytic oxidation (PEO). Pezzato et al. showed that the tribological properties
and corrosion resistance could be improved through the deposition of a composite layer
containing hard particles such as SiC or borosilicate glass particles by plasma electrolytic
oxidation (PEO). It was found that a 3 min treatment time with the addition of glass parti-
cles provided the best results in terms of corrosion and wear resistance [33]. Bahramian
et al. found that the addition of nanosized Al2O3/TiO2 particles increased the density of
the coating deposited by PEO, and increased its corrosion resistance, hardness and fracture
toughness [34]. In addition, Arrabal et al. found that the outer layer of PEO coatings
containing α-Al2O3 particles showed lower porosity, increased hardness and the lowest
wear volumes of all the materials tested [35].

The ability to protect steel alloys by forming a superficial thin layer of alumina can
be achieved through the addition of aluminium to the composition [19] or by coating [23].
These experiments have shown good and promising results. However, the protective
layer is subject to degradation over time, and the material is again exposed to the extreme
working conditions [23]. Alumina-forming alloys (AFA) have recently attracted more
attention because Al2O3 exhibits a lower growth rate and is more thermodynamically
stable in oxygen than Cr2O3 and it is highly stable in water vapor. Adding aluminium
creates major strengthening problems, as it is a stabilizer of a BCC structure and facilitates
the formation of the delta ferrite; it also compromises the strength by interfering with the
addition of nitrogen [36]. The use of other elements as co-dopants has shown promising
results in terms of slowing the growth of scales and their adhesion, which will enhance the
lifetime of the material [37].

The goal of our approach was to create a protective alumina layer in the grain bound-
aries, starting from embedded and stable ultra-fine alumina (Al2O3) powders instead of
adding aluminium (Al) powders or Al-Fe coatings, as mentioned in most of the research
conducted recently on this topic. We assumed that the addition of alumina powders
would possibly provide better and longer protection for the steel composites because of its
distribution along the grain boundaries and would solve the problem of the insufficient
content of aluminium in the Al-Fe coating for the formation of a protective layer, as the
Al2O3 was already formed. Moreover, alumina is more thermodynamically stable at the
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sintering temperature and allows for better control of sintering by avoiding the infiltration
of aluminium during the sintering process.

2. Experimental Methods

A commercial austenitic 316L stainless steel (Höganäs, Sweden) with a composition
of 16.8Cr–12Ni–2.5Mo–1.5Mn–0.6Si and an average particle size of ~70 µm (Figure 1a)
was milled separately (reference sample) and together with the ultra-fine Al2O3 powders
(Almatis GMBH) with average grain size of ~200 nm (Figure 1b). Attrition milling (Union
Process type 01-HD/HDDM) was used for dispersion of the Al2O3 particles in the steel
matrix and for simultaneously reducing the size of the 316L steel’s grains at 600 rpm in
ethanol for 5 h. A stainless steel tank and agitator and grinding media 3 mm in diameter
were used for milling. Spark plasma sintering (SPS, Sinter-SPS-7.40MK-VII, Fuji Electronic
Ind. Co., Japan) was used for sintering the milled powders at 900 ◦C under 50 MPa
of mechanical pressure for 5 min in a vacuum (6 Pa). Sintered solid disks ~100 mm in
diameter and ~9 mm in thickness were obtained. INSTRON 2500 apparatus (Norwood,
MA, USA) equipped with a special 3-point bending test setup was used to measure the
flexural strength of the samples, for which 5 samples of each composite with dimensions
of 4 mm × 4 mm × 25 mm were polished and their edges were rounded in order to
minimize the possibility of cracks propagating from a surface defect. The tribological
properties of the sintered samples were determined at room temperature in dry conditions
using a CSM + HT Tribometer. Different grinding papers (grades up to 100 µm) were
used for polishing the samples before measuring the tribological properties. A normal
load of 5 N was applied to the counterpart Si3N4 balls (5 mm in diameter) on the steel
samples’ surface with a 1 mm shift from the axis of rotation of the sample. Scanning electron
microscopy (SEM, Zeiss-SMT LEO 1540 XB,) was used for structural and morphological
investigations of the base powder, and the milled and sintered samples. The elemental
composition of the sintered samples was measured by energy dispersive spectroscopy
(EDS) equipment installed on an SEM LEO microscope. Phase analyses were performed
by a X-ray diffractometer (XRD, Bruker AXS D8) equipped with a Göbel mirror and a
scintillation detector with Cu Kα (λ = 1.5406 Å) radiation. The X-ray beam’s dimensions
were 1 mm × 5 mm, the 2θ step size was 0.02◦, and the scan speed was 0.3◦/min. We
used the Diffrac.EVA program and the ICDD PDF database for phase identification. The
hardness of the sintered alumina dispersion-strengthened steel composites was measured
by the Vickers method on 5 samples of each composite with an applied load of 5 N for 30 s.
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3. Results and Discussion
3.1. Morphological and Structural Investigation

The morphological investigation of the starting powders confirmed that the 316L
stainless steel grains had a globular shape with an average particle size of ~70 µm and the
presence of satellites (Figure 1a). The nanosized alumina particles had an average diameter
of ~200 nm (Figure 1b).

After intensive wet attrition milling, the globular 316L stainless steel grains were
severely deformed/flattened under a combination of the impact and shear forces generated
between the agitator and the steel milling balls. The milled composites with 0.33 wt%
Al2O3 (Figure 2a) the 1 wt% Al2O3 (Figure 2b) showed similar morphologies after 5 h of wet
attrition milling. Three different grain shapes can be clearly observed in both composites:
(1) flattened grains, (2) thin flake-like grains and (3) small broken flake-like grains (Figure 2).
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Figure 2. SEM images of the milled composites: (a) 316L/0.33 wt% Al2O3; (b) 316L/1 wt% Al2O3.

The surface of the milled steel grains of both composites were investigated by EDS.
Multiple spots were randomly selected in different grains to study the distribution of the
nanosized Al2O3 particles in the grains’ surfaces (Figures 3 and 4).
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Figure 4. EDS results of the milled 316L/1 wt% Al2O3. (a) SEM image of a 316L grain’s surface;
(b) EDS spectra of the selected spots.

Figure 3a shows the selected spots and the corresponding EDS spectra (Figure 3b)
of the investigated 0.33 wt% Al2O3 composite. The dark spots embedded in the grains’
surface (Spots 2 and 3 in Figure 3a) are nanosized Al2O3 particles. The EDS spectra of these
spots showed higher peaks of aluminium and oxygen. From the distribution of the dark
spots and the lower peaks of Fe and Ni in them compared with the 316L grains’ surface
(Spot 1), we can state/conclude that the nanosized Al2O3 particles were homogeneously
distributed and relatively covered the surfaces of the 316L steel grains. The particles on
the top of the grains’ surface (Spot 4 in Figure 3) are debris from the broken flake-like
grains. The corresponding EDS spectra of Spot 4 shows that these small white particles are
oxidized 316L particles. This oxidation was a result of the combination of (1) the severe
plastic deformation that introduced high mechanical stress to the steel particles and (2) the
exposure to ethanol during the wet milling process.

In the case of the 1 wt% Al2O3 milled powders (Figure 4), the steel grains’ surfaces
were totally covered by the embedded nanosized alumina particles. Distinguishing and
selecting individual alumina particles was not possible, as the nanosized particles fully
covered the steel grains and resulted in a darker thin layer of alumina compared with
the distributed and fragmented dark spots in Figure 3a. The formation of this thin layer
was in agreement with the study of Jun Lim et al. on the design of alumina for forming
FeCrAl steels for lead or lead–bismuth cooled fast reactors. These authors concluded that
the minimum amount of Al necessary to form a protective layer should be more than
0.50 wt% [26]; however, the thickness of this alumina layer was not consistent/uniform.
This can be observed from the EDS peaks intensity of the different spots. This result can be
related to the tendency of alumina particles to agglomerate during the milling process. The
presence of a higher amount of the white debris (oxidized 316L particles) from the broken
flake-like grains on the surface was observed.

Figure 5 is a comparison of the EDS spectra of the 316L, 316L/0.33 wt% Al2O3 and the
316L/0.33 wt% Al2O3 sintered composites. The high intensity of the aluminium and oxygen
peaks confirmed the presence of alumina in both composites after sintering. On the other
hand, the lower intensity of the 316L components’ peaks (Fe, Ni) in the 316L/1 wt% Al2O3
composite compared with the 316L/0.33 wt% Al2O3 and the reference alloys confirmed the
formation of a thin Al2O3 layer covering the 316L grains. In the case of the 316L/0.33 wt%
Al2O3, the EDS spectra showed good coverage and the homogeneous distribution of the
alumina particles in the 316L stainless steel matrix.
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The presence of the oxidized 316L debris (Figures 3a and 4a) on the grains’ surfaces
was in favour of the formation of Cr2O3 scales/layers, as it provides a higher amount of
oxygen along the grain boundaries. The formation of the Cr2O3 scales/layer is highly
possible, as this was indicated in other research [27,28]. However, as the EDS peaks of
chromium and oxygen overlapped, further investigations are needed in order to confirm it.

A comparison of the XRD diffraction patterns of the starting powders and the milled
powders (Figure 6) confirmed that the powders had a crystalline structure of an FCC
γ-Fe3Ni2 phase (JPC2:03-065-5131) with the main lines 2θ = 43.532◦, 50.705◦ and 74.535◦,
corresponding to the diffracted planes (111), (200) and (220), respectively. The BCC Fe alpha
phase (JPC2:03-065-4899) with the main lines of 2θ = 44.663◦ and 82.314◦ corresponding
to the diffracted planes (110) and (211), respectively, formed after milling. The starting
powders had the main lines of 2θ = 43.576◦, 50.759◦ and 74.594◦,with an average deviation
of 0.052◦ to the right from the JPC2:03-065-5131 lines. The 316L/0.33 wt% Al2O3 milled
powders had the main lines of 2θ = 43.576◦, 50.605◦ and 74.575◦, with an average deviation
of 0.005◦ from the corresponding JPC2:03-065-5131 lines. The first and third peaks shifted
to the right, and the second peak shifted to the left. Two main peaks of an alpha phase
corresponding to the Fe alpha JPC2:03-065-4899 were detected as follows: 2θ = 44.522◦

and 82.106◦. The 316L/1 wt% Al2O3 milled powders had the main lines of 2θ = 43.552◦,
50.746◦ and 74.653◦, with an average deviation of 0.060◦ to the right of the corresponding
JPC2:03-065-5131 lines. Two main peaks of an alpha phase corresponding to the Fe alpha
JPC2:03-065-4899 were detected as follows: 2θ = 44.659◦ and 82.215◦.

The formation of a small fraction of the α phase was related to a partial phase transfor-
mation induced by the severe plastic deformation during the milling process. The formation
of a similar α phase after milling was observed in our previous work on Si3N4 [16] and
SiC [15] dispersion-strengthened 316L steel. Al-Joubori et al. observed the formation of a
similar α phase [38].

By comparing the XRD results in Figure 6, we can observe that grain size of both
milled powders was smaller than the globular grains of the starting reference 316L steel.

The ferrite α-Fe phase was transformed to austenitic γ-Fe3Ni2 after sintering (Figure 7).
No FeAl or Al phases were detected. This result is in agreement with the Fe-Al binary
phase diagram, which indicated that there was no FeAl phase formation for alloys under
21% of aluminium [39].
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Figure 7. XRD diffractograms of the sintered composites: the reference 316L, the 316L/0.33 wt%
Al2O3 and the 316L/1 wt% Al2O3.

The sintered 316L sintered composite had the main lines of 2θ = 43.533◦, 50.624◦

and 74.537◦ with an average deviation of 0.026◦ from the corresponding JPC2:03-065-5131
lines. Unlike the other sintered composites, the grains were preferentially distributed
along with the (200) orientation (2θ = 50.624◦), as can be observed from the peak intensity.
This preferential crystallographic orientation is mainly related to a texture effect in the
diffracted surface; similar behaviour was studied by Marattukalam et al. in their study
on the effect of laser scanning strategies on the textural and mechanical properties, and
site-specific grain orientation in selective laser-melted 316L SS [40]. This texture is a result
of the globular grains’ deformation during the sintering process, as illustrated in Figure 8.
The globular grains of 316L were flattened and elongated parallel to the upper and lower
punches’ surfaces (Figure 8a–c). In the case of the 316L/0.33 wt% Al2O3 and 316L/1 wt%
Al2O3, no texturing behaviour was observed because of the presence of different grain
morphologies and sizes. These grains were harder because of plastic deformation during
the milling process; on the other hand, the milled powders were randomly arranged and
the small broken grains filled the spaces between the larger grains and minimised the
plastic deformation by limiting the displacement of grains under pressure (Figure 8a’–c’).
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The sintered 316L/0.33 wt% Al2O3 samples had the main lines of 2θ = 43.536◦, 50.692◦

and 74.536◦, with an average deviation of 0.003◦ from the corresponding JPC2:03-065-513
lines. The sintered 316L/1 wt% Al2O3 had the main lines of 2θ = 43.547◦, 50.660◦ and
74.539◦, with an average deviation of 0.009◦ from the corresponding JPC2:03-065-513 lines.
In all sintered composites, we observed that both the first (111) and the third (220) peaks
shifted to the right, and the second peak (200) shifted to the left in comparison with the
JPC2:03-065-5131 peaks.

It was proven by Chattopadhyay et al. in their study on the microstructure/phase
evolution in mechanical alloying/milling of stainless steel and aluminium powder blends
that no considerable changes in the lattice parameters of the face-centred cube structure
were observed in 316L alloys with an aluminium percentage lower than 25 wt% [41].
Therefore, we assumed that the observed shifts of the diffracted peaks in all of the powders
and sintered composites did not indicate any significant changes/distortions of the 316L
FCC matrix.

3.2. Investigation of the Density and Mechanical Properties

The sintered reference 316L, the 316L/0.33 wt% Al2O3 and the 1 wt% Al2O3 composites
showed high densities of 99.13%, 97.88% and 96.13%, respectively. The lower density values
of the 316L/0.33 wt% Al2O3 and the 1 wt% Al2O3 composites compared with the 316L
composite were related the addition of alumina.

A significant increase in the composites’ microhardness was observed. It increased by
28.57% in the 316L/0.33 wt% Al2O3 and increased by 22.28% in the 1 wt% Al2O3 composite
compared with the 316L reference alloy (Figure 9). This increase in the microhardness
values was related to the addition of the harder nanosized alumina particles and to the
presence of hardened particles as a result of the severe plastic deformation during the
attrition milling process. Both the 316L/Al2O3 composites showed lower microhardness
results compared with the other composites prepared by the same process [15,16,42,43]
(Figure 9).

The lower microhardness values of the 1 wt% Al2O3 composite compared with the
0.33 wt% Al2O3 were a result of the nonuniform distribution of the alumina layer in the
316L/1 wt% Al2O3 composite. However, both composites showed much higher values
compared with all the alumina-forming austenitic stainless steels studied by Zhang et al.,
where 200 HV was reported for the studied composites [44].
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The flexural strength of the reference 316L, the 316L/0.33 wt% Al2O3 and the 316L/1 wt%
Al2O3 samples were investigated by the three-point bending test (Figure 9). The reference
316L, the 316L/0.33 wt% Y2O3 and the 316L/0.3 wt% SiC showed high ductility and it was
not possible to break the samples (data not presented in this work).

The 316L/1 wt% Al2O3 composite showed lower flexural strength, with an average
of 386.6 MPa compared with the 316L/0.33 wt% Al2O3 composite, with an average of
630.4 MPa and the other composites (Figure 9). This decrease in the flexural strength of the
316L/1 wt% Al2O3 was related to the formation of a thin alumina layer on the surface of
the 316L grains during the sintering process, which affected the contact between the steel
grains, as illustrated in Figure 10.
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3.3. Effect of the Distribution of Alumina on the Contact Formation of the 316L Grains

In the case of the milled 316L/0.33 wt% Al2O3 powders, the alumina particles were
homogenously distributed on the grains’ surfaces (Figures 3 and 10a). During the sintering
process, metallic necks started to form between the 316L grains and the 316L debris particles
on the grains’ surfaces (Figures 3a and 4a), which favoured the formation of 316L necks, as
it is very possible for these to start melting first due to their small sizes (under 1 µm). These
metallic necks developed to become metallic bridges surrounding the alumina particles
and connecting the 316L grains. The alumina particles embedded in the 316L became
partially embedded in the 316L grains’ boundary. Basically, the interface between two
316L grains (A and B) will be a combination of: (1) metallic bridges and (2) intermediate
embedded alumina particles. It was expected that the grain boundaries would be rich with
oxygen because of the presence of the oxidized 316L debris particles. Similar results were
observed by elemental mapping of the grains’ interface in our previous study on the effect
of adding Si3N4 on the morphological and structural properties of the 316L stainless steel
for nuclear applications [16]. This oxygen richness in the interface favours the formation
of chromium oxide, which will enhance the protection of the 316L grains along with the
embedded alumina, as has been reported [27–29].

In the case of the milled 316L/1 wt% Al2O3 powders, the alumina particles were
homogenously distributed and closely packed and embedded on the grains’ surfaces,
forming a thin and continues alumina layer (Figure 10b). The thin alumina layer was
not uniform in thickness because of the milling process and the tendency of alumina to
agglomerate during wet milling. The 316L grains were connected through the intermediate
embedding of the alumina thin layer that covered the steel grains’ surfaces during the
sintering process (Figure 10b). Therefore, we assumed that the 316L/1 wt% Al2O3 showed
lower flexural strength results compared with the 316L/0.33 wt% Al2O3 because of different
contacts among the grains, considering that the bonding strength of 316L-Al2O3 was weaker
than the metallic 316L-316L bond.

3.4. Tribological Properties of the Sintered Composites

The sintered 316L/0.33 wt% Al2O3 and 316L/1 wt% Al2O3 composites showed lower
friction coefficient values of 0.93 and 0.85, respectively, compared with 0.96 for the reference
316L sample. This decrease in the friction coefficient was possibly related to the increase
in the composite’s hardness (Figure 9). These obtained results are in agreement with
the results of Kracun et al. in their study of the effect of Al2O3 nanoparticles on the
tribological properties of stainless steel [45]. The addition of nanosized alumina particles
increased the stainless steel’s hardness and decreased the value of the friction coefficient [45].
Figure 11 shows the related friction coefficient curves of the 316L/Al2O3 composites. The
friction coefficient curve of 316L/0.33 wt% Al2O3 was somewhat more stable and uniform
compared with the friction coefficient curve of 316L/1 wt% Al2O3. The nonuniformity
of the latter was related to wearing of the alumina layer in the grain boundaries: the
friction coefficient started low while the counterpart slid on the alumina layer. After the
alumina layer wears out, the friction coefficient value increases as the 316L grains become
softer. After the 316L grains wear out, another layer of alumina is exposed and the friction
coefficient value decreases again. With time, the effect of the formation of the tribo-layer
becomes larger, as can be observed in the last part of the friction coefficient curve of the
316L/1 wt% Al2O3 composite (Figure 11b).

During the tribology test, the samples and the counterparts (Si3N4 balls) were dam-
aged. An investigation of the wear track of the 316L/0.33 wt% Al2O3 (Figure 12) revealed
the formation of a tribo-film (sliding layer). The high Si peak (Figure 12b) corresponding
to Spot 2 was related to the formation of a sliding layer that was deposited by the eroded
Si3N4 counterpart.
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Figure 12. EDS spectra with the associated SEM images of the tribological wear track of the 316L/0.33 wt%
Al2O3. (a) SEM image of the wear track; (b) EDS spectra of the selected spots.

The investigation of the 316L/1 wt% Al2O3 composite’s wear track (Figure 13) revealed
similar results to the 316L/0.33 wt% Al2O3 wear track. Spots 2 and 3 in Figure 13a are the
sliding layers formed by the deposited Si3N4 counterpart’s debris. Similar results were
observed in our previous study on the effect of the chemical composition on the final
properties of ceramic dispersion-strengthened 316L/Y2O3 composites [42].
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4. Conclusions

The Al2O3 dispersion-strengthened 316L stainless steel was successfully produced
using attrition milling and spark plasma sintering. The intensive attrition milling produced
significant morphological transformation of the globular starting powders and provided
a homogeneous distribution of the nanosized alumina particles. The formation of α-Fe
after milling was observed. The ferritic phase was transformed to the austenitic phase
during the sintering process, as was confirmed by XRD. The following main conclusions
can be drawn:

(1) The addition of alumina reduced the composites’ density compared with the reference
316L alloy.

(2) A thin alumina layer covering the surface of the 316L grains was detected after
sintering in the case of the 316L/1 wt% Al2O3, where the EDS peak intensity of the
316L components decreased compared with the sintered reference sample, with the
presence of high-intensity aluminium and oxygen peaks.

(3) The addition of alumina nanosized particles and the severe plastic deformation
during the intensive attrition milling induced significant morphological changes and
increased the composites’ microhardness significantly.

(4) The 316L/1 wt% Al2O3 composite showed lower microhardness values compared
with the 316L/0.33 wt% Al2O3 because of the relatively less homogeneous distribution
of the nanosized alumina particles. Nanosized Al2O3 tends to agglomerate during the
milling process. However, both composites showed much higher values compared
with other alumina-forming austenitic stainless steels [32,36].

(5) The formation of a thin alumina layer in the grain boundaries of the 316L/1 wt%
Al2O3 composite during the sintering process governed the contact formation be-
tween the steel grains, and resulted in lower flexural strength compared with the
316L/0.33 wt% Al2O3 composite, where there was no formation of an alumina
layer. The 316L/0.33 wt% Al2O3 composite had higher values than the 316L/1 wt%
Al2O3 composite.

(6) The friction coefficient of the 316L/0.33 wt% Al2O3 and the 1 wt% Al2O3 decreased
compared with the reference 316L alloy because of the increase in the composite’s
hardness and the formation of a sliding layer from the eroded counterpart’s debris
during the tribology test.
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