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Abstract: The aim of this work is to investigate the bonding properties of the ceramic dispersion-
strengthened 316L (CDS-316L) composites with the reference 316L stainless steel (REF-316L) using a
Gleeble 3800 physical simulator. In previous works, two different composites, REF-316L and 316L,
with 1 wt% Al2O3 composite (CDS-316L) have been prepared by spark plasma sintering (SPS). In the
present work, these specimens were diffusion-bonded using the following parameters: a temperature
range of 950–1000 ◦C and a uniaxial pressure of 20–30 MPa. It was observed that the deformation
of the CDS-316L during the uniaxial bonding process was higher compared to the 316L steel rods.
The addition of alumina particles increased the micro-hardness of the 316L steel. The samples were
broken in the CDS-316L zones, not at the diffusion-bonded interfaces. No diffusion zones have been
observed within the investigated magnification for all composites, where the interfaces between the
different specimens were well defined.

Keywords: diffusion bonding; CDS composite; SPS; Gleeble

1. Introduction

Future fusion power plants shall be an alternative option for future energy production,
with the essential aim of increasing the efficiency by increasing the operational temperature.
The 316L ceramic dispersion-strengthened (CDS) steels appear as promising materials
for application in future fusion power plants, with their good mechanical properties at
elevated temperatures [1–3]. Presently, there is an increasing need for novel materials that
can withstand the extreme working conditions of future generations of fusion and fission
nuclear reactors [4,5], and this is of high importance since any material failure can result
in a severe accident [6]. The advances in nanocomposite processing and manufacturing
techniques for the materials are crucial and have a direct impact on their final properties.
In a later fusion power plant in vacuum conditions, the plasma-facing first wall structures
have to withstand extremely high heat loads, where good thermal contacts will be essential.
There is no final design yet for the first wall of a next-generation fusion power plant, but
based on ITER designs, diffusion bonding will be one of the key technologies for bonding
flat surfaces, where bonded surfaces may serve as vacuum boundaries around cooling
channels as well. Since the ODS (oxide dispersion strengthened) or CDS materials during a
standard welding technique would melt, the clustering of oxide particles in the liquid phase
would cause a strength reduction along the bond interface [7]. Following these, the present
study investigates the diffusion bonding capability of a newly developed CDS material
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to standard steel. In earlier studies, we can see investigations for ODS steels compared to
non-ODS reduced activation ferritic/martensitic (RAFM) steels [8] as well. Various types
of solid-state diffusion bonding take place at the first walls of the fusion reactor for a good
mechanical and thermal contact [2,3,9,10].

The traditional sintering processes involved in powder technology are known for
their limitations in retaining nanosized particles in the final product [11,12]. On the other
hand, powder metallurgy is a key factor in developing new nanotechnology materials for
different industries and applications, such as engineering and energy.

It was reported in several earlier works that mechanical alloying (MA) is an effective
and easy process of obtaining nanosized microstructures with a higher content of reinforce-
ment phases [13]. MA allows for controlled homogeneous distribution of the oxide particles
in the grain boundaries; additionally, by applying a proper sintering technique, it is possi-
ble to obtain fully dense composites with enhanced mechanical properties [14]. 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 [15]. The thermally stable oxide particles imbedded in
the ODS steels provide greatly enhanced mechanical properties. It was reported that ODS
composites with a high Cr content have good corrosion resistance in supercritical water
reactors [16–18].

In our former work, our approach was to create a protective alumina layer in the
grain boundaries, 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 [19]. We assumed that the addition of alumina
powders would provide a better Al2O3 protection layer for the steel composites due to
their distribution along the grain boundaries instead of adding an insufficient amount
of aluminium or Al-Fe powder to the protective coating formation. In addition, alumina
is thermodynamically stable at the sintering temperature (900 ◦C) and allows for better
control of sintering by avoiding the infiltration of aluminium into the 316L steel grains
during the sintering process.

The CDS materials were produced by Spark Plasma Sintering (SPS). This method
allows for rapid consolidation of powder materials into dense bulk specimens while
simultaneously applying uniaxial pressure and pulsed electrical current in a vacuum or
protective atmosphere. The importance lies in the fast (a few minutes) production and the
variety of controlling the bulk material properties [20]. Earlier relevant studies related to
the production of SPS samples are summarized in [1,21].

During diffusion bonding at an elevated temperature of around 60–70% of the melting
temperature, a high pressure is applied for a longer period, typically 1–2 h. At the micro-
scopic level, the peaks of the contact surfaces of the roughness profile first form a planarized
interfacial boundary, whereas voids will be formed between the two contact surfaces. These
voids disappear during the long bonding procedure through different surface mechanisms.
The theoretical background is written by Hill and Wallach [22]. In the authors’ previous
works [23–25], the bonded Gleeble experiments were studied and compared with the the-
oretical model for 316L/316L experiments. It is visible from earlier experiences [2] that
the bonding quality is highly influenced by the selected bonding parameters (temperature,
pressure, time) and depends significantly on the surface preparation (removal of contam-
ination and oxides) [26]. For the diffusion bonding of sintered ODS steels (PM2000), a
detailed theoretical model was developed [27,28].

In this work, the diffusion bonding of a newly developed 316L ceramic dispersion-
strengthened (CDS) steel material to a standard steel was investigated.

2. Sample Preparations and Experimental Methods

In this work, the CDS materials were diffusion-bonded with 316L stainless steel rods
with a Gleeble Physical Simulator (Dynamic Systems Inc., New York, NY, USA). Two
types of specimens were prepared by powder metallurgy using the SPS technique based
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on earlier works; the manufacturing was the same as it is detailed in [29,30]. One type is
made from 316L powder without additives, and the other was prepared with additional
1 wt% Al2O3 in the 316L powder matrix. Reference specimens without additives will be
referred to as REF-316L; specimens with 1 wt% Al2O3 will be referred to as CDS-316L; and
the wrought material from a cylinder is named 316L rod. In the present study, the results
of the flexural strength, microhardness, and microstructural investigations of the welded
specimens are presented.

A Gleeble 3800 Physical Simulator at UNIDUNA [31,32] has been used to perform the
bonding experiments on the REF-316L and CDS-316L composites. The original cylindrical
CDS-316L or REF-316L discs sintered by SPS have dimensions of about 100 mm in diameter
and 10 mm in height. After grinding and polishing the SPS discs, the cylindrical specimens
were formed by wire-cut electrical discharge machining (Figure 1). The surface roughness
characteristic values Ra, Rq, Rz were measured 2–3 times at all surfaces subjected to
diffusion bonding by MITUTOYO SJ-301® (Kawasaki, Japan) after surface polishing and
before acid etching. The standard deviations for all measurements were ~1%.
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Figure 1. The original SPS sintered discs and D12.5 mm samples REF-316L (left), CDS-316L (right).

The bonded surfaces, such as CDS-316L, REF-316L, and 316L rod, were polished with
600–1000/1200 grit abrasive paper under water. The surface roughness was measured on
all surfaces subjected to diffusion bonding by MITUTOYO SJ-301®. The specimens were
subsequently cleaned with acetone. To remove the Cr oxides from the surface, samples
have been etched with a CITRANOX® (Merck, Darmstadt, Germany) (acid solution (2–5%
in deionized water) in an ultrasonic bath for 10 min at 35 ◦C [2]. However, the surface
roughness has not had the largest impact on the bonding strength, as discussed in [26]
but was set in the range of Rz = 0.5 to 2 µm. After the etching with an acid solution, the
samples were cleaned subsequently with deionized water for 5 min in an ultrasonic bath.
After drying, they were shipped under an inert Ar gas in a vacuum chamber, preventing
reoxidation and contamination. Despite the cleaning process, the re-oxidation could not
be fully avoided because of the preparation of the samples before the experiments. The
specimens were exposed to air for 70–90 min (see Table 1). Presumably, in this case, the
oxide layer was much thinner compared to what the original surface had.
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Table 1. The size and surface roughness values of the specimens were used in the bonding experi-
ments.

Nr. Height
(mm)

D
(mm)

Side A Side B
On Air

Ra (µm) Rz (µm) Rq (µm) Ra (µm) Rz (µm) Rq (µm)

Nr. 6–7 (REF) 10.25 12.43 0.09 0.80 0.11 0.10 0.85 0.13 70 min

Nr. 10–13 (CDS) 8.96 12.43 0.11 1.02 0.14 0.10 0.78 0.12 90 min

Nr. 14–15 (CDS) n. a. ~ 9 12.45 0.09 2.88 0.21 0.10 0.97 0.12
90 min

Nr. 14–15 (REF) n. a. ~ 10.25 12.45 0.23 1.74 0.35 0.11 0.94 0.14

2.1. Uniaxial Diffusion Bonding Experiments in the Gleeble 3800 Simulator

The uniaxial diffusion bonding process was carried out with 316L stainless steel rods,
where the sintered composites were placed between the two 316L holding rods. A similar
diffusion bonding setup on the Gleeble Physical Simulator was successfully applied in [33]
to define the best bonding parameters of SS316L/CuCrZr with a nickel interlayer foil at
various temperatures, where the loads were 650 ◦C, 850–1000 ◦C with a uniaxial pressure
of 5–15 MPa and hold times of 15 min and 30 min. Uniaxial diffusion bonding was used
to optimize bonding parameters such as 20 MPa, 40–120 min, and 1010–1050 ◦C in [23]
between Eurofer 97 samples. Based on the mentioned experiments, relevant optimized
parameters can be applied to different types of diffusion bonding techniques, like the HIP
(hot isostatic pressure) technique.

The experiments and the bonded specimens are visible in Figure 2 and are detailed in
Table 2. The Gleeble physical simulator was programmed, and the R-type thermocouples were
spot-welded to the CDS/REF specimens and to the 316L-rods at the sides closed to the copper
jaws. Afterwards, the full mount was assembled and installed into the vacuum chamber.
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Figure 2. Diffusion bonding experiment, (a) Nr. 14–15: bonding of REF-316L and CDS-316L, (b) Nr.
6–7: bonding of REF-316L, (c) final bonded specimens.

Table 2. Diffusion bonding parameters and the length change.

Nr. Sample Layout T [◦C] P [MPa] t [min] Length before and after [mm]

Nr. 6–7 316L rod/REF-316L/316L rod 1000 30 40 71/57.03

Nr. 10–13 316L rod/CDS-316L/316L rod 975 20 40 69.04/60.84

Nr. 16–17 316L rod/CDS-316L/316L rod 975 30 40 68.95/65.27

Nr. 14–15 316L rod/CDS-316L/REF-316L/316L rod 950 20 60 80/76.5
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The specimens were heated up by resistance heating, and the temperature was con-
trolled through an R-type thermocouple, which was spot welded as close as possible to the
bonded region (CDS-316L or REF-316L). The axial pressure was controlled by the hydraulic
system and measured by the load cell, where the pressure is set by the diameter and length
and subsequently modified by the control system to keep the constant nominal pressure at
20 or 30 MPa. The nominal loads were set as detailed in Table 2.

The measured value of the sampling rate was 10 Hz. Beyond the controlled loads, the
axial displacement (named stroke) and the Power Angle (PA) [%] fraction of applied power
were recorded; the last is controlled by the Gleeble computer system automatically (Gleeble
3800). The typical measured values of the strokes are visible in Figure 3, and the measured
temperatures during the bonding processes are visible in Figure 4.
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during the bonding process.

As is visible, all bonding processes start with a 500 s period, where the heating-up
takes place in a controlled way. The nominal bonding starts at the 500th second. The TC-1
temperatures follow the nominal control temperature at the bonded surface, but the side
temperatures TC-2 close to the gripping jaws show again an increasing rate.
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2.2. Preparation of the Mechanical and Microstructural Tests

For micro-hardness and flexural strength (three-point bending) tests, four bars with
dimensions of 4 × 4 mm × 40 mm have been prepared from each bonded specimen. The
four bars were cut from the middle of the specimens, as shown in Figure 5. The samples
have been polished using abrasion paper up to 1200 grade, where different zones across
each specimen have been observed even with the naked eye.
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Since during the cutting of the nr. 16–17, the specimen was broken, there were no
further microstructural investigations on that sample; however, the other samples gave
similar valuable results.

Scanning Electron Microscopy (SEM, Zeiss-SMT LEO 1540 XB, Oberkochen, Germany)
was used for structural and morphological investigations of sintered samples. The elemen-
tal compositions of sintered samples were measured by Energy Dispersive Spectroscopy
(EDS) installed on a SEM LEO microscope.

3. Results and Discussions

Following the previous studies [23], CDS-316L and REF-316L specimens were diffusion
welded in the same way. According to Table 2, the first experiment was carried out at 1000 ◦C
with a 30 MPa axial load. Since the elevated temperature and compression resulted in high
deformation on the composite specimens, we decreased the temperatures for the following
tests. Hereby, the other experiments were conducted at 975 ◦C and 950 ◦C and at 20 MPa
axial compression. The lower loads (950 ◦C and 20 MPa) resulted in smaller deformations.

3.1. Evaluation of the Measured Values by Gleeble

The strokes (Figure 3) at the nominal starting point at 500 s (y-axis) were shifted to the
“0 mm” point to be comparable. The rate of strokes in the different sintered specimens. Based
on earlier measurements of the 316L rod’s axial deformation (stroke), the CDS-316L and REF-
316 specimens could be estimated by subtracting the reference 316L rod’s stroke rate. The
full nominal bonding time was 40 min between 500 and 2900 s. Since the specimens suffered
a high degree of deformation, we considered the first half of the experiments: 500–1200 s.
Results were linearized. See Figure 6. The rate of reference 316L rods and the CDS-316L and
REF-316L specimen strokes are visible in Table 3 in the third and fourth column.
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Table 3. Rate of strokes of the 316L rods and the composite specimens in mm/min.

Exp. Rate of Strokes of the Full Specimens
(mm/min)

Rate of Strokes of Reference 316L Rods
(mm/min)

Derived Rate of Strokes for the CDS,
REF Specimens (mm/min)

Nr. 10–13 −0.069 −0.003 −0.072 CDS-316L

Nr. 16–17 −0.118 −0.0126 −0.1306 CDS-316L

Nr. 6–7 −0.414 −0.0953 −0.5093 REF-316L

Nr. 14–15 −0.08 −0.002 −0.082 CDS-316L + REF-316L

In all cases, the axial deformation (stroke) of the sintered samples was higher compared
to the 316L rods during the tests.

However, the applied power could not be measured directly on Gleeble, but based
on earlier numerical simulations [23], we expect 800–900 (A) current to pass through the
specimens during the nominal bonding period. The Power Angles in the Gleeble control
system also show the consumption of the full system with the ancillary units. It has no
direct relation with the applied AC (50 Hz) current at Gleeble, but the curves show a very
clear tendency in the ramp-up section and an increasing tendency as is expected during the
boding process (Figure 7).
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The axial forces have an increasing tendency as well, since the Gleeble control system
increases them to maintain the constant pressure with the increasing cross-section as in
Figure 8.
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We can conclude that the sintered specimens showed higher deformation compared to
the 316L rods in all experiments (see Table 3). At 1000 ◦C (nr. 6–7), we obtained the highest
axial stroke, where we set the highest 1000 ◦C temperature. For comparison purposes, nr.
16–17 and nr. 10–13 had the same sintered specimen and temperature but different pressures
of 30 and 20 MPa. As was expected, nr. 10–13 had a lower stroke rate compared to nr. 16–17
until 1200–1500 s, but after that period, the stroke rate increased drastically. Since there was
no explanation for that abnormality—that may have come from the control system—we
used the more realistic values that were measured until 1500 s. Specimen nr. 14–15 had the
lowest stroke rate at 950 ◦C and 20 MPa. Despite these lower temperatures and pressures,
the samples still showed good flexural strength results, as summarized in the next chapter.

In our earlier studies, the strokes were modeled by the creep power law equation, with
parameters set to the reference measurements [23–25]. Considering the studies on the effect
of direct current on the steady-state creep of metals [34], we suppose that the high creep rate
during the experiments is the outcome of the high temperature and the direct current running
through the CDS specimens. For high-temperature creep rates of ODS austenitic steels, there
are existing models from room temperature (RT) up to 800 ◦C [35]. In the future, an extensive
study of creep under Joule heating of a CDS material around 1000 ◦C and the modeling of
axisymmetric compression [36] could reveal this large deformation during the tests.

3.2. Mechanical Tests
Microhardness Results

The mechanical properties of the bonded specimens were first analyzed with micro-
hardness measurements, where an average of 12 measurements have been performed on
each zone of all specimens. All results are summarized in Figure 9.

On specimens nr. 6–7, three different zones were observed. The zones are named 6 m,
m, and 7 m, respectively, as represented in Figure 9a, where the hardest zone was REF-316L
(reaching the 205–223 HV). However, the only difference between the 316L rods and the
REF-316L zones is that the last is made by SPS powder metallurgy in front of the standard
316L rods. At nr. 10–13 specimen at lower deformation, under lower pressure (20 MPa) and
temperature (975 ◦C), the CDS-316L composite in the middle shows much harder values
(reaching 289 HV), see Figure 9b. As observed in an earlier study, the addition of alumina
nanosized particles and the severe plastic deformation during the intensive attrition milling
induced significant morphological changes and increased the microhardness of the CDS
samples significantly [19]. The zones of the 316L rod at a lower deformation show similarly
low values as the samples nr. 6–7.

The specimen nr. 14–15 in Figure 9c at a lower temperature (950 ◦C) compared to nr.
10–13 shows that the CDS-316L is harder (reaching 311 HV), and the REF-316L composite
zone (14L) also shows harder values (reaching 250 HV). The 316L rods show similar lower
values as the previous measurements.
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Figure 9. Microhardness results for the different zones of, (a) specimen nr. 6–7, (b) specimen nr. 10–13
(c) specimen nr. 14–15.

We can observe that both REF-316L and CDS-316L composites have a relatively higher
micro-hardness compared to the 316L rods, where at lower bonding temperatures (1000 ◦C
→ 975 ◦C, 950 ◦C), we obtained increasing hardness values.

We can also conclude that longer bonding time (t = 60 min) with lower pressure
(P = 20 MPa) and temperature resulted in higher micro-hardness values reaching 311 HV
comparing with a shorter bonding time (t = 40 min), with a higher pressure (P = 30 MPa)
and temperature (T = 975 ◦C or 1000 ◦C). This is most likely related to the lower deformation
of the steel grains.

3.3. Flexural Strength Results

The results of the three-point bending test are represented in Figure 10. The specimens
nr. 6–7 were ductile, and fracture did not occur, as is visible on the Figure 10a insert. The
diffusion-bonded REF-316L and CDS-316L samples (nr. 14–15) showed the highest flexural
strength properties with an average of 543.75 MPa (Figure 10b), where the samples did not
fracture at the interface but broke in Zone D due to their elongated grains in the parallel
direction of the applied force and the presence of alumina particles in the grain boundaries
(as shown in Figure 11).
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Figure 11. SEM and EDS investigations of specimen nr. 10–13 interface, (a) 316L-rod/CDS-316L 

interface, (b) CDS-316L/316L-rod interface showing the initial crack, (c,d) elemental mapping of 

the same interfaces. 

The present experiments resulted in good bonding between the CDS-316L and the 

REF-316L composites, where during the three-point bending test, the crack was not at the 

interface, but at the harder CDS zones due to the elongated grains parallel to the applied 

force. 

3.4. Microstructural Investigations 

The bonded region of the specimens has been investigated. The SEM images of the 

CDS-316L region show a mixture of large grains and thin elongated grains surrounded by 

a darker phase; see Figures 11 and 12. The EDS investigation revealed that the alumina 

particles are distributed in the dark zone. It is visible in Figures 11 and 12c,d. 

Figure 11. SEM and EDS investigations of specimen nr. 10–13 interface, (a) 316L-rod/CDS-316L
interface, (b) CDS-316L/316L-rod interface showing the initial crack, (c,d) elemental mapping of the
same interfaces.
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The samples nr. 10–13 broke in the CDS-316 and the 316L-rod interface (Figure 10b)
due to the presence of an initial crack along the diffusion-bonded interface as it was visible
on the SEM images (as in Figure 11b).

The present experiments resulted in good bonding between the CDS-316L and the REF-
316L composites, where during the three-point bending test, the crack was not at the interface,
but at the harder CDS zones due to the elongated grains parallel to the applied force.

3.4. Microstructural Investigations

The bonded region of the specimens has been investigated. The SEM images of the
CDS-316L region show a mixture of large grains and thin elongated grains surrounded by
a darker phase; see Figures 11 and 12. The EDS investigation revealed that the alumina
particles are distributed in the dark zone. It is visible in Figures 11 and 12c,d.
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and CDS-316L interfaces, (b) SEM image of the 316L rod and CDS-316L interfaces, (c,d) EDS elemental
mapping of the same interfaces.

The interface between the CDS-316L and the 316L holding rod was well defined; no
obvious diffusion zones have been observed within the investigated magnification. The
SEM investigation of specimen nr. 10–13 between zone 316L rod and CDS-316L revealed
the presence of an initial crack at the interface (see Figure 11b). The presence of the crack
resulted in lower flexural strength by the three-point bending test, as shown in Figure 11b.
The crack formation is possibly related to the residual stresses that originated during the
cooling process.

The bonded interface of all samples has been observed; no initial cracks have been
observed except for specimen nr. 10–13 (Figure 11b). Nr. 14–15 show the best flexural
strength results, where the three-point bending test samples broke in Zone D (at CDS-316L).
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The samples were broken at the CDS zone, where the elongated grains are parallel to the
broken surface.

Despite the crack formed at the Nr. 10–13 sample interface, all other investigated inter-
faces are well defined, and no diffusion zones have been observed within the investigated
magnification.

At higher magnification of the SEM microstructural images in Figures 11a and 12b, we
could also observe the joint surfaces. However, at higher magnification, the remaining void
from the surface roughness’s could be seen in more detail, but at the present magnification,
there were visible inclusions (Figure 13c) on the mating surfaces at the lower temperature
and pressure combinations. Based on that, we could conclude that at higher temperatures
and pressure combinations, the bonding shows better surfaces, as is expected from past
results [2,22].
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4. Conclusions

The SPS-sintered REF-316L and CDS-316L specimens were successfully diffusion-
bonded with standard 316L stainless steel rods on a Gleeble 3800 physical simulator. The
bonding parameters were within the temperature range of 950–1000 ◦C and axial mechanical
pressures of 20–30 MPa, based on earlier works [23–25].

1. It was observed that the deformation of the CDS-316L specimens during the bonding
process at high temperatures (>950 ◦C) was much higher compared to the standard
316L steel.

2. The CDS-316L shows higher hardness values due to the alumina content in the specimen.
3. The results of the three-point bending test were between 440 and 550 MPa. The flexural

strength of the Nr. 14–15 samples (316L rod/CDS-316L/REF-316L/316L rod) was the
highest, with an average of 543.75 MPa.
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4. At the bonding interface, no diffusion zones have been observed within the investi-
gated magnification for all composites, and the interfaces between the different zones
were well defined.

5. In the case of the Nr. 10–13 sample (316L rod/CDS-316L/316L rod), where an initial
crack was observed by SEM, the flexural strength was accordingly lower, where the
samples showed fracture at the interfaces.

6. The CDS-316L samples consist of a mixture of large and elongated grains surrounded
by a darker area rich in oxygen and aluminium, showing the alumina particles are
distributed in the darker areas of the investigated samples.

7. Longer bonding times with lower pressure and temperature resulted in higher micro-
hardness values.

The future work on this topic will focus on the modeling of specimens’ deformation
during the bonding process in the Gleeble 3800 physical simulator. Furthermore, the optimiza-
tion of the bonding of the CDS-316L composites at the proper loads, aiming for the highest
possible mechanical properties with a good joint, will provide more results in future works.

Author Contributions: Conceptualization, T.B.; Methodology, H.B.Z.R., P.B. and C.B.; Software, M.P.;
Validation, K.B.; Formal analysis, M.P.; Investigation, T.B., H.B.Z.R. and P.B.; Resources, C.B. and
G.V.; Data curation, P.B.; Writing—original draft, T.B. and H.B.Z.R.; Writing—review & editing, C.B.;
Supervision, G.V.; Project administration, K.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported by the ÚNKP-18-3 IV New National Excellence Program of the
Ministry of Human Capacities. The authors, especially H. B. Zine Rachid thank to Young Researcher
Supporting Programme (FIKU) of the Hungarian Academy of Sciences and HUN-REN Centre for
Energy Research project “Nanostructural ODS steel development” for support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interests.

References
1. Ben Zine, H.R.; Sahin, F.C.; Horváth, Z.E.; Czigány, Z.; Horváth, A.; Balázsi, K.; Balázsi, C. Effect of Si3N4 addition on the

morphological and structural properties of the 316L stainless steel for nuclear applications. Resolut. Discov. 2017, 2, 23–30. [CrossRef]
2. Barabash, V.; The ITER International Team; Peacock, A.; Fabritsiev, S.; Kalinin, G.; Zinkle, S.; Rowcliffe, A.; Rensman, J.-W.; Tavassoli,

A.A.; Marmy, P.; et al. Materials challenges for ITER–Current status and future activities. J. Nucl. Mater. 2007, 367–370, 21–32.
[CrossRef]

3. Barabash, V.; Akiba, M.; Mazul, I.; Ulrickson, M.; Vieider, G. Selection, development and characterisation of plasma facing
materials for ITER. J. Nucl. Mater. 1996, 233–237, 718–723. [CrossRef]

4. Banerjee, S. Overview of Indian activities on fusion reactor materials. J. Nucl. Mater. 2014, 455, 217–224. [CrossRef]
5. Boutard, J.-L.; Alamo, A.; Lindau, R.; Rieth, M. Fissile core and Tritium-Breeding Blanket: Structural materials and their

requirements. Computes Rendus Phys. 2008, 9, 287–302. [CrossRef]
6. Gong, X.; Li, R.; Sun, M.; Ren, Q.; Liu, T.; Short, M.P. Opportunities for the LWR ATF materials development program to contribute

to the LBE-cooled ADS materials qualification program. J. Nucl. Mater. 2016, 482, 218–228. [CrossRef]
7. Sittel, W.; Basuki, W.W.; Aktaa, J. Diffusion bonding of the oxide dispersion strengthened steel PM2000. J. Nucl. Mater. 2013, 443,

78–83. [CrossRef]
8. Fu, H.; Nagasaka, T.; Muroga, T.; Kimura, A.; Chen, J. Microstructural characterization of a diffusion-bonded joint for 9Cr-ODS

and JLF-1 reduced activation ferritic/martensitic steels. Fusion Eng. Des. 2014, 89, 1658–1663. [CrossRef]
9. Dellis, C.; Le Marois, G.; van Osch, E. Structural materials by powder HIP for fusion reactors. J. Nucl. Mater. 1998, 258–263 Pt 2,

1966–1972. [CrossRef]
10. Baross, T.; Bereczki, P.; Jánosi, L.; Palánkai, M.; Sánta, B.; Veres, G. Diffusion bonding experiments of 316L steels in a Gleeble

3800 thermomechanical simulator for investigation of non-destructive inspection methods. Fusion Eng. Des. 2020, 160, 111768.
[CrossRef]

11. Viswanathan, V.; Laha, T.; Balani, K.; Agarwal, A.; Seal, S. Challenges and advances in nanocomposite processing techniques.
Mater. Sci. Eng. R Rep. 2006, 54, 121–285. [CrossRef]

https://doi.org/10.1556/2051.2017.00055
https://doi.org/10.1016/j.jnucmat.2007.03.017
https://doi.org/10.1016/S0022-3115(96)00323-6
https://doi.org/10.1016/j.jnucmat.2014.06.009
https://doi.org/10.1016/j.crhy.2007.11.004
https://doi.org/10.1016/j.jnucmat.2016.10.012
https://doi.org/10.1016/j.jnucmat.2013.06.048
https://doi.org/10.1016/j.fusengdes.2014.02.055
https://doi.org/10.1016/s0022-3115(98)00416-4
https://doi.org/10.1016/j.fusengdes.2020.111768
https://doi.org/10.1016/j.mser.2006.11.002


Materials 2024, 17, 2300 14 of 14

12. Gupta, R.K.; Birbilis, N. The influence of nanocrystalline structure and processing route on corrosion of stainless steel: A review.
Corros. Sci. 2014, 92, 1–15. [CrossRef]

13. Suryanarayana, C.; Al-Aqeeli, N. Mechanically alloyed nanocomposites. Prog. Mater. Sci. 2013, 58, 383–502. [CrossRef]
14. Di Gabriele, F.; Amore, S.; Scaiola, C.; Arato, E.; Giuranno, D.; Novakovic, R.; Ricci, E. Corrosion behavior of 12Cr-ODS steel in

molten lead. Nucl. Eng. Des. 2014, 280, 69–75. [CrossRef]
15. Peng, S.; Hou, J.; Yu, L.; Lu, Z. Effects of sintering temperature and Y2O3/Ti addition on microstructure and hardness of

ODS-AlCrFeNi HEAs. Intermetallics 2022, 143, 107469. [CrossRef]
16. Ghayoor, M.; Lee, K.; He, Y.; Chang, C.-H.; Paul, B.K.; Pasebani, S. Selective laser melting of austenitic oxide dispersion strengthened

steel: Processing, microstructural evolution and strengthening mechanisms. Mater. Sci. Eng. A 2020, 788, 139532. [CrossRef]
17. Guo, X.; Fan, Y.; Gao, W.; Tang, R.; Chen, K.; Shen, Z.; Zhang, L. Corrosion resistance of candidate cladding materials for

supercritical water reactor. Ann. Nucl. Energy 2019, 127, 351–363. [CrossRef]
18. De Luca, A.; Kenel, C.; Pado, J.; Joglekar, S.S.; Dunand, D.C.; Leinenbach, C. Thermal stability and influence of Y2O3 dispersoids

on the heat treatment response of an additively manufactured ODS NiCrAlTi g/g′ superalloy. J. Mater. Res. Technol. 2021, 15,
2883–2898. [CrossRef]

19. Ben Zine, H.R.; Horváth, Z.E.; Balázsi, K.; Balázsi, C. Novel Alumina Dispersion-Strengthened 316L Steel Produced by Attrition
Milling and Spark Plasma Sintering. Coatings 2023, 13, 322. [CrossRef]

20. Balázsi, C.; Gillemot, F.; Horváth, M.; Wéber, F.; Balázsi, K.; Sahin, F.C.; Onüralp, Y.; Horváth, A. Preparation and structural
investigation of nanostructured oxide dispersed strengthened steels. J. Mater. Sci. 2011, 46, 4598–4605. [CrossRef]

21. Jenei, P.; Balázsi, C.; Horváth, A.; Balázsi, K.; Gubicza, J. The influence of carbon nanotube addition on the phase composition,
microstructure and mechanical properties of 316L stainless steel consolidated by spark plasma sintering. J. Mater. Res. Technol.
2018, 8, 1141–1149. [CrossRef]

22. Sato, S.; Enoeda, M.; Kuroda, T.; Ohara, Y.; Mohri, K.; Cardella, A. Characteristic evaluation of HIP bonded SS/DSCu joints for
surface roughness. Fusion Eng. Des. 2001, 58-59, 749–754. [CrossRef]

23. Baross, T.; Bereczki, P.; Janosi, L.; Veres, G. The bonded area growth at diffusion bonding determined by the numerical modelling
of Gleeble 3800 experiments and in comparison with the model by Hill and Wallach. Fusion Eng. Des. 2023, 194, 113707. [CrossRef]

24. Baross, T. Diffusion Bonding for Fusion Reactor Conditions. Ph.D. Thesis, Hungarian University of Agriculture and Life Sciences,
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