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A B S T R A C T

In terms of nuclear applications, ceramics are seen as a particularly promising class of materials due to their
chemical inertness and relatively high radiation resistance. However, since ceramics exhibit high brittleness at
low homologous temperatures, the application of monolithic ceramics as structural components of nuclear
power plants is rather limited. On the other hand, deposition of ceramic coatings on a metallic substrate may
result in an excellent combination of mechanical, corrosion and radiation properties (especially at high tem-
perature). In this work, Al2O3 coatings deposited by Pulsed Laser Deposition (PLD) on 316L SS substrate at room
temperature were investigated. In order to simulate the influence of neutrons, alumina-coated and 316L SS
samples were irradiated at room temperature with 250 keV Au+ and 150 keV Fe2+ ions, respectively. The
influence of ion irradiation on nanomechanical properties of the studied materials was investigated by means of
Nanoindentation (NI) technique. Based on the obtained results, nanomechanical properties as a function of
radiation damage level were determined and linked to the results of Grazing Incidence X-Ray Diffraction
(GIXRD) analysis and other structural data available in the literature. Irradiation-induced softening and hard-
ening were observed, respectively, in the alumina coating and 316L SS. Reported differences, which are induced
by the irradiation effects, are considered to be due to the different microstructures of the pristine materials.

1. Introduction

Generation IV nuclear reactors have many advantages over cur-
rently operated reactors and are foreseen to help to meet the world's
future energy needs. Aforesaid advantages include improvements in
four broad areas: (i) sustainability, (ii) economics, (iii) safety and re-
liability and (iv) proliferation resistance and physical protection [1].
Among Generation IV fast reactor systems, Lead-Cooled Fast Reactor
(LFR) is considered to be one of the most promising technologies [1].
One of the issues associated with its deployment (and the deployment of
other technologies, too) is the lack of sufficiently reliable materials
capable of withstanding extremely harsh operating conditions, parti-
cularly for core components. These conditions, determined by design,
include high temperatures, intense neutron radiation field and contact
with highly corrosive non-aqueous coolant. For example, several groups

[1–3] pointed out that fuel cladding under nominal operating condi-
tions in ALFRED (Advanced Lead-cooled Fast Reactor European De-
monstrator) and ELFR (European Lead-cooled Fast Reactor) will be
exposed to temperatures reaching 550 °C, whereas neutron fields will
cause clad damage up to 100–200 dpa.

The majority of materials selected for components of ALFRED and
ELFR are austenitic steels (AISI316L and 15-15Ti) [1,2]. Specifically,
15-15Ti SS and T91 (ferritic/martensitic steel) were selected for the fuel
cladding in ALFRED and ELFR, respectively [2]. However, it is well
known that the dominant steel elements (like Fe, Cr or Ni) in liquid lead
are highly susceptible to the dissolution effect [1,2]. Therefore, direct
contact between liquid lead and steel components must be prevented
during the whole operation cycle of the component. The common
corrosion mitigation strategy for the considered steels consists in the
controlled addition of oxygen to the liquid metal, to cause the in-situ
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formation of an oxide scale during operation [2]. However, it has been
shown that for 316L SS at temperatures above approx. 480 °C, this
protection method becomes ineffective [2]. Likewise 15-15Ti steel,
despite oxide formation, is expected to suffer from dissolution during
long-term operation at 550 °C in Pb [2]. At the same time, the T91 f/m
steel is resistant to dissolution attack in foreseen operating conditions,
but in turn oxidation (resulting in a reduction of heat conductivity)
becomes a major problem [2]. Hence, for fuel cladding in LFR an al-
ternative approach to protect against HLM corrosion is required.

A very promising solution is the use of ceramic coatings, most of
which are practically insoluble in liquid lead and lead alloys. Among
others, the Istituto Italiano di Tecnologia (IIT) has developed thin
alumina coatings deposited by PLD technique. In [4], authors have
shown that Al2O3-coated 15-15Ti steel samples exposed to LFR relevant
corrosion conditions (i.e. 550 °C, 10−8 wt% oxygen) during 1000 h and
4000 h (for ion-irradiated and pristine samples, respectively) do not
interact with liquid lead. In addition to that, further research of this
group has shown that the PLD-grown alumina coating is characterized
by a number of other excellent features, namely: (i) uniform, fully dense
and compact structure [4–8]; (ii) electrical insulating properties [6];
(iii) unusual combination of metal-like mechanical properties (Young's
modulus E = 195 ± 9 GPa, υ = 0.29 ± 0.02) and ceramic hardness
(H = 10 ± 1 GPa) [5]; (iv) great wear resistance (0.051 value of H/E
ratio is comparable with the ratios of superhard nanocomposite coat-
ings dedicated to tribological applications) [5]; (v) strong interfacial
bonding between coating and substrate [4,5]; (vi) resistance to thermal
cycling [4]; (vii) high hydrogen and deuterium permeation reduction
factors (PRFs) which are close to 105 at 650 °C (even after electron
irradiation) [6,7]; (viii) excellent behavior under ion radiation (up to
450 dpa) [4,9,10].

The determination of the radiation resistance of materials dedicated
to nuclear applications is one of the crucial issues. Only few works in
the literature have investigated the radiation endurance in PLD-grown
Al2O3. Previously published data [9,10] suggest that irradiation induces
full crystallization of the as-deposited structure (consisting of amor-
phous matrix and γ-Al2O3 nanocrystalline domains) which is followed
by grain growth. Crystallization results in a prominent hardness in-
crease. Subsequent grain growth induces softening of the material,
thereby partially reducing the initial hardness increase. To summarize,
the phenomena here reported result in a general hardening, due to
appearance of crystalline phases (in comparison to the virgin spe-
cimen).

Traditionally, radiation effects studies consist in material irradiation
in nuclear test reactors and subsequent characterization of irradiated
samples. However, this procedure is associated with extraordinarily
high costs and long exposure times (radiation damage rate in test re-
actors does not exceed 20 dpa/year) [11]. Furthermore, as expected,
samples become activated after being kept in the core, and hence access
to special facilities (i.e. hot cells) and compliance with strict radioactive
material handling regulations are required. This involves additional
costs. Consequently, methods of simulating neutron irradiation damage
in materials have been developed in recent decades. Among them, the
best-developed, widely and successfully applied technique is ion irra-
diation. Utilization of ions brings a number of benefits compared to
neutron radiation, namely: cost reduction, shorter time needed to
modify the materials (damage rates can reach up to 104 times that of
the reactor), no or negligible activation of samples, and better control of
irradiation conditions [11–14].

Due to the limited available data concerning radiation response of
the discussed coating and of amorphous ceramics in general, further
systematic studies on the behavior of PLD-grown Al2O3 under irradia-
tion are highly desired. Furthermore, in the planned operating en-
vironment, neutrons will penetrate material significantly below the thin
coating. Thus, the evaluation of irradiation resistance of the substrate
and the interface between coating and substrate is equally indis-
pensable. There are numerous published reports on the microstructural

evolution of 300 series stainless steels subjected to ion irradiation. On
the other hand, according to our knowledge, only few works [15–17]
were focused on the assessment of the evolution of mechanical prop-
erties of stainless steels exposed to ion irradiation. Such deficiencies
relate in particular to comprehensive investigations, over a wide range
of doses, including high levels of damage.

In spite of the many advantages, using ion irradiation as a surrogate
for neutron radiations does have some serious drawbacks. One of these
is the very limited volume of the affected material. The thickness of the
layer penetrated by ions (which depends on the material and the nature
and energy of selected ions) usually does not exceed a hundreds of
nanometers [18]. For this reason, conventional methods of determi-
nation of mechanical properties in the case of ion irradiated materials
are clearly inapplicable. Therefore, the use of other (predominantly
challenging) methods to reliably extract mechanical properties from
such small volumes is required. One of such methods designed for the
investigation of small or/and thin samples, layers and coatings is na-
noindentation. Over the past three decades nanoindentation became a
viable and widely used non-destructive technique [19,20]. There have
been a number of studies [16,17,21–24] successfully using the combi-
nation of described techniques (ion irradiation and nanoindentation) as
a means to evaluate the influence of neutron irradiation on mechanical
properties of various materials.

For this reason, in this study, the influence of ion irradiation on
nanomechanical properties of thin alumina coatings deposited by PLD
at RT on 316L SS and bulk 316L SS was investigated. Afterwards, ob-
tained nanomechanical characteristics of the materials were critically
compared with the available structural data. It is believed that the
obtained results will contribute to the current knowledge related to the
materials foreseen as structural components in future advanced nuclear
reactors.

2. Materials and methods

2.1. Materials preparation

Steel samples (10 × 10 mm) were cut by means of WEDM (Wire
Electrical Discharge Machining) from an annealed sheet with a thick-
ness of 0.9 mm provided by Goodfellow. After cutting, samples were
polished by using SiC abrasive grinding papers (grit size up to 1200),
liquid diamond suspensions (with grain sizes 9 μm, 6 μm and 3 μm) and
a finally colloidal silica suspension (0,06 μm grain size). As the success
of nanoindentation investigations of thin layers depends to a large ex-
tend from the quality of the surface, particular attention was paid to
obtain flat and smooth sample. Half of the samples prepared in this way
were used as substrates for alumina coatings. Thin coatings were grown
by PLD technique at room temperature. Details of the deposition pro-
cess can be found elsewhere [5]. Surface roughness of materials was
evaluated using Hommelwarke LV-50 device. One SS sample and one
alumina-coated sample were selected. Five measurements on 0,5 mm
distance on each sample were performed. The average roughness values
Ra of the alumina and steel samples were 15 and 10 nm, respectively.
Since ion irradiation can modify the surface roughness, measurements
were repeated after the implantation process. The average roughness
values Ra of the alumina-coated and steel samples after ion-irradiation
up to 50 dpa were 20 and 10 nm, respectively. It is worth mentioning
that the resolution of the device is ~10 nm, so either the sputtering
effect does not play a role at this energy, or is well below the instru-
mental resolution.

2.2. Ion irradiation

2.2.1. 316L SS
The as-prepared bulk samples of 316L SS were irradiated at room

temperature with 150 keV Fe2+ ions. The use of self-ion irradiation
allowed to eliminate the effect of impurity. Ion beam current density
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was limited to 100 nA/cm2 to minimize heating of the samples. During
irradiation, the pressure in irradiation chamber was kept ~10−6 mbar.

2.2.2. Al2O3 coating on 316L SS
The as-deposited Al2O3 coated samples on 316L SS were irradiated

at room temperature with 250 keV Au+ ions. The type and energy of
ions were selected so that the microstructural evolution under ion ir-
radiation is comparable to structure modifications induced by neutron
irradiation. Other studies [10,25] have shown that in order to simulate
neutron damage in oxide ceramics, ions characterized by low ENSP
(electronic-to-nuclear stopping) ratio should be used. The calculated
ENSP ratio in fast fission reactor is around 4 [10,25]. In addition, a low
absolute electronic energy loss component (preferably below
9.5 ± 1.5 keV/nm) is desirable [10,26–28]. This is related to the high
sensitivity of ceramic insulators to ionizing radiation. For the given
irradiation conditions, the maximum ionizing component of the irra-
diation spectrum is below 2,5 keV/nm, while the ENSP ratio through
the irradiation depth is below 1,5. Implantations were performed using
an ion implanter equipped with an arc discharge plasma ion source
with internal evaporator. In order to avoid significant heating of the
samples during the irradiation, ion current density was kept below
100 nA/cm2. The pressure inside the target chamber was ~10−6 mbar
during the irradiation.

2.2.3. SRIM calculations
For both alumina-coated and steel samples, irradiation fluences

were chosen so that they correspond to damage levels of about 0,5; 1; 3;
5; 10; 25 and 50 dpa. The nominal displacement damages were taken at
their peak damages. The damage profiles (Fig. 1) were obtained by
using SRIM (The Stopping and Range of Ions in Matter) software. The
radiation damage ranges were calculated to be 180 and 60 nm for steel
and alumina-coated samples, respectively.

2.3. SEM

Scanning Electron Microscopy (SEM) observations were performed
using Hitachi SU8230, Zeiss Auriga 60 and Zeiss EVO systems. The
alumina-coated samples were examined for surface morphology and
thickness of the layer, while the steel samples were etched and micro-
structure was observed. The alumina-coated samples chosen for surface
observations prior the testing were covered with a thin layer of con-
ductive material (chromium).

2.4. Grazing incidence X-ray diffraction (GIXRD)

GIXRD method was used to study the phase stability of PLD-grown
alumina coating under ion-irradiation. X-ray diffraction measurements
were carried out with Cu-Kα radiation (λ ≈ 15,418 Å) by Rigaku

SmartLab X-ray diffractometer. The X-ray tube was operated at 40 kV
and 30 mA. The diffraction patterns were collected in parallel beam
(PB) mode with an incidence angle α of 0,5° and in the range from 20°
to 80° of 2θ angle. Phase analysis was carried out using the Rigaku
PDXL program and the ICDD database PDF4 + 2018. The mean pe-
netration depth τ was calculated based on the equation [29]:

=
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µ
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x

x

sin
1 1

sin(2 )
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where τx and Gx correspond to the fraction of the radiation absorbed.
Here Gx is defined as Gx = 1–1/10 = 0,9.

For the selected measurement parameters, the mean penetration
depth in alumina was estimated to be about 2 μm. Therefore, given the
thickness of the investigated coating and the depth of the ion-modified
layer, a signal contribution from steel substrate and unmodified coating
volume is expected. Nevertheless, in the event of phase transition, the
differences between virgin and irradiated samples would be visible.

2.5. Nanoindentation

The goal of the nanomechanical tests was to evaluate the influence
of ion irradiation on mechanical properties of studied materials. Both
materials in eight states (virgin and ion irradiated to damage levels of
0,5; 1; 3; 5; 10; 25 and 50 dpa) were tested. Studies were performed by
using NanoTest Vantage System provided by Micro Materials Ltd.
(MML). Measurements were done at room temperature with a diamond
Berkovich indenter using load-controlled mode in line type experiment,
with 10 forces (in the range from 0,2 to 4 mN and 20 mN for 316L SS
and alumina-coated samples, respectively). Each indentation was re-
peated 15 times, with an interval of 50 μm. Before performing the main
measurements, in order to minimize errors related to imperfect shape of
the indenter, for each depth, the diamond area function (DAF) was
determined using fuzed-silica as a reference. Hardness (H) and reduced
Young's modulus (Er) were calculated from the unloading data, ac-
cording to the Oliver and Pharr model [30]. To convert reduced Young's
modulus to Young's modulus, Poisson ratios of 0,27 [31] and 0,29 [5]
were taken for 316L SS and Al2O3 coating, respectively. For presenta-
tion purposes, all recorded load-displacement curves set out in this
paper were fitted by using MML software.

In order to conduct nanoindentation research in a reliable manner,
it is essential to follow the best-practice guidelines. The general rule
adopted from the literature states that the indenter penetration depth in
nanoindentation test shall be within 10–20% of the thickness of the
measured layer [18,23]. However, this value depends from the yield
strength of the material [32] and can be equal even to 40–50% of the
penetration depth [12,33,34]. This should ensure that the recorded
response comes only from the measured layer. However, in case of

Fig. 1. Simulated irradiation damage (in dpa) as a function of target depth for: (a) 150 keV Fe2+ ions in 316L SS; (b) 250 keV Au+ ions in Al2O3 coating (1 μm
thickness).
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nanoindentation studies of irradiated layers this limitation often leads
to penetration depths of several nanometers and thus to high mea-
surements errors. For this reason, in certain cases the above limit is
exceeded. In such cases, the aim is to ensure that nanoindentation
meets two criteria: (i) the indents are as deep as possible to minimize
the indentation size effect (ISE), the impact of surface roughness, as
well as the impact of indenter tip shape imperfection; and (ii) the in-
dents are as shallow as possible to reduce the signal from the un-
modified volume of the material [18]. This approach requires pre-
liminary nanoindentation tests over a wide range of indentation depths.
Based on the performed studies, the optimal indentation depth and
force were selected. It should be noted that in case of exceeding of
described percent limit, plastic zone associated to the indentation is not
contained entirely within the tested layer. Therefore, some contribution
from the substrate may appear. For this reason, obtained mechanical
results are somewhat affected and a very careful data interpretation is
required. It is advisable that measurements carried out in this way are
used for comparative research rather than for determining the actual
properties of the tested materials. There are also some alternative
methods which rely on mathematical modeling of the film–substrate
systems and enable extraction of the film-only hardness value [35].

3. Results and discussion

3.1. SEM

The microstructure of 316L SS consisting of fine austenitic grains is
shown in Fig. 2a. Fig. 2b presents the cross-section of the investigated
Al2O3 coating. Fig. 2c and d show the surface morphology of virgin and
ion-irradiated coating. The thickness of the as-deposited coating was
estimated based on the cross-sectional view as equal to ~1 μm. No
cracks or delamination on the interface between coating and substrate
were observed. The coating is uniform and fully dense, its surface is
smooth (as mentioned in Section 2.1, the average roughness value Ra of
the as-deposited alumina is 15 nm) and free of discontinuities.

Observations are consistent with [4–6] and confirm that PLD pro-
cess is fairly mature and characterized by high reproducible results. No
significant differences are observed between virgin and ion-modified
surface.

3.2. Grazing incidence X-ray diffraction (GIXRD)

Fig. 3 presents GI XRD results of alumina coating recorded on the
specimens in virgin state and after ion-irradiation to maximum dose (50
dpa). One can notice that in the diffraction patterns only peaks of
austenitic steel are present. This indicates that both the as-deposited
and ion-irradiated coatings are mainly amorphous (i.e. the volume
fraction of crystalline nanodomains – assuming their existence - is too
low to be recognized by GIXRD). The spectrum gathered from the virgin
sample is consistent with the work of Garcia Ferré et al. [10].

Obtained results clearly suggest that phase composition of the
coating subjected to even high ion-irradiation like 50 dpa at RT remains
stable. Therefore, one can conclude that the alumina coating deposited
by PLD technique remains amorphous even in the wide range of da-
mage, at least for the room temperature tests.

3.3. Nanoindentation

3.3.1. 316L
Fig. 4 compares the indentation depth dependence of nanohardness

Fig. 2. SEM images of: (a) etched 316L SS surface; as-deposited PLD-grown Al2O3 coating on 316L SS: (b) cross-section, (c) surface; (d) surface of PLD-grown Al2O3

coating after ion-irradiation (50 dpa).

Fig. 3. GIXRD patterns of virgin and ion-irradiated alumina-coated sample.
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of 316L SS before and after irradiation (up to 50 dpa). Each point re-
presents an average value of at least 10 indents performed at a certain
force (starting from the left side of the Fig. 4, single points correspond
respectively to forces of 0,2; 0,3; 0,4; 0,5; 0,7; 1; 1,5; 2; 3 and 4 mN). It
is clear, that the hardness of the ion-modified sample is much higher
than that of the pristine material across the whole range of forces.

One can see that the depth profile of the virgin sample shows well-
known indentation size effect (ISE), wherein the hardness increases
with decreasing indentation depth. This phenomenon can be observed
in the whole indentation depths. The most widely used explanation of
ISE is included in Nix-Gao model [36], which assumes that ISE is caused
by the creation of geometrically necessary dislocations. It is particularly
pronounced for sub-micrometer indentation depths, typically used to
investigate ion-irradiated layers. Additionally, slightly lower values of
hardness recorded at forces in the range 0,2 to 0,4 mN compared to the
hardness recorded under force 0,5 mN can be observed. This is most
likely associated with surface conditions like roughness. The indenta-
tion depth profile of irradiated sample, intrinsically include three ef-
fects:

• Similarly to the hardness profile of non-irradiated material, there is
an indentation size effect (ISE), but it overlaps with two following
effects.
• Damage gradient effect (DGE) – due to non-uniform distribution of
damage induced by irradiation (see Fig. 1); the hardness initially
increases with increasing level of damage, and after reaching a

maximum level of damage decreases.
• Softer substrate effect (SSE) – after exceeding a certain indentation
depth threshold, at which the plastic zone under the indenter tip
begins to extend into the unirradiated volume of the material,
measured values of the hardness starts to drops down.

Therefore, in the presented work overlapping of these effects should
be taken into account. In order to determine the quantitative changes
caused only by irradiation hardening, CSM (Continuous Stiffness
Measurement) technique followed by application of suitable model
[12,13,37–39] should be used. However, since presented research is
preliminary and has comparative character and, finally, all measure-
ments are affected by similar effects, this was not a concern of this
study.

The comparison of curves allowed the selection of the optimum
force to investigate the relationship between the irradiation dose and
nanohardness of studied steel. One can see that the measurements
performed at 0,3 mN load represent response of the damaged material.
The measurements correspond to approximately 40 nm and 26 nm of
plastic indentation depth for virgin and 50 dpa sample, respectively.
One should note that all indentation depths performed at 0,3 mN, re-
gardless of the material state are within approx. 20% thickness of the
irradiated layer. Thus, we assumed that the presented results represent
mainly the response of irradiated layer (no or minor influence of the
unmodified bulk material is expected).

Fig. 5a presents the nanohardness and elastic modulus of 316L SS as
a function of irradiation dose expressed in dpa. The representative L-D
curves of nanoindentation measurements are shown in Fig. 5b. As can
be seen in Fig. 5a, the hardness of 316L steel increases with increasing
level of damage, while the relationship for elastic modulus is opposite.
The average hardness of the unirradiated sample is 3,55 ± 0,17 GPa,
while for the sample irradiated up to 50 dpa, the hardness increases up
to 5,71 ± 0,25 GPa. Obtained results are consistent with the in-
vestigation of T. Miura et al. [15] who reported hardness values of the
virgin 316L SS to be (depending on grain orientation) around
3,0–3,5 GPa for unirradiated and 4,7–5,2 GPa for the irradiated up 10
dpa material. In this study, the hardness after 10 dpa irradiation is
4,72 ± 0,16 GPa. Observed changes in mechanical properties are the
reflection of the changes introduced by the ions into microstructure.
According to the literature [14,40], irradiation-induced hardening in
fcc (face centered cubic) metals is attributed to the formation of various
defects (including defect clusters, dislocation loops, dislocation lines,
voids, bubbles and precipitates) which act as obstacles to the free
movement of dislocations. The type, size, and density of the created
defects depend, among other things, on irradiation temperature and
dose [41–43]. Previously reported results on structural investigations of
300 series austenitic steels exposed to irradiation, revealed that typical

Fig. 4. Nanohardness of virgin and irradiated up to 50 dpa 316L SS plotted
versus the plastic indentation depth. The gray line is the dose profile calculated
by SRIM.

Fig. 5. (a) Nanohardness and Young's modulus versus irradiation dose for 316L SS. (b) Load versus displacement curves recorded before and after ion irradiation.
Measurements performed at 0,3 mN.
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microstructure features formed due to irradiation at temperatures
below 350 °C are nano-scale black dots (small defect clusters, con-
sidered by many as small dislocation loops) [40,42–45], network dis-
locations [40,42] and dislocation loops [40,42–45].

It is well known that irradiation hardening of austenitic steel satu-
rates at a few dpa [46–48]. This is linked to the microstructural evo-
lution. Many authors [40,43,45] reported that both the loop number
density and mean loop diameter increase up to a certain level of dpa
(depending on irradiation conditions) and eventually saturate for
higher doses. Mechanical results obtained in this study fit into this
tendency. The hardness increase is rapid for doses under 3 dpa, and
tends to saturate once this limit is achieved. The gradual hardness in-
crease recorded for material irradiated in the range of 5 to 50 dpa has
been attributed to minor microstructure alterations and to introduction
of small quantities of carbon to the material during imperfect ion ir-
radiation process. At the same time, the relatively high error in the
recorder data (especially for Young modulus) most likely is related to
the grain orientations and surface roughness. Finally, one cannot ex-
clude stress introduced into the sample during polishing process. De-
spite these controversies, recorded results are in agreement with the
literature and should be regarded as a first step in understating of the
behavior of 316L/Al2O3 system upon irradiation.

3.3.2. Al2O3

The average nanoindentation hardness of alumina-coated samples
before and after ion irradiation (to 50 dpa) is plotted as a function of the
plastic depth, as shown in Fig. 6. Each plot data represents an average
value of at least 10 indents performed at a certain force (starting from
the left, single points correspond respectively to loads of 0,2; 0,4; 0,5; 1;
1,5; 2; 3; 5; 10 and 20 mN). When analyzing the curve representing the
unirradiated sample (the blue curve), one can note that all measure-
ments recorded below ~120 nm (i.e. forces lower than 5 mN) are af-
fected by the surface artefacts, which is reflected in underestimated
values of H. At the same time, application of higher forces (10–20 mN),
led to plastic depths deep enough to start recording the response of the
softer steel substrate. Therefore, if one wants to examine the mechan-
ical properties of the 1 μm unirradiated coating itself, the use of 5 mN
force would be recommended. The average values of hardness and
Young's modulus of virgin Al2O3 coating determined in our tests at 5
mN are 9,9 ± 0,2 and 198,5 ± 4,1 GPa, respectively. The obtained
results are in excellent agreement with the data of F. García Ferré et al.
[5], who reported values of hardness and Young's modulus equal to
10 ± 1 GPa and 195 ± 9 GPa, respectively. At this point, the com-
patibility between mechanical properties of 316L SS and alumina

coating is particularly notable. However, the aim of this study is to
investigate the nanomechanical properties of the ion-irradiated coating.
According to SRIM calculations (Fig. 1), the radiation damage range for
Au+ 250 keV irradiation is about 60 nm. Therefore, if one wants to
meet the requirement of keeping the indentation depths within 10–20%
of the thickness of the measured layer, indentation to a maximum depth
of 6–12 nm is necessary. However, the surface roughness of the studied
coating was approx. 15–20 nm, so that 12 nm deep indents (0,2 mN
load) are associated with significant errors and an underestimate
measured H, see Fig. 6 (first from the left two points). Therefore, the
second lowest applied force of 0,4 mN was selected for analysis.
However, one should bear in mind two consequences of this choice.
Firstly, the recorded values of hardness (H) and Young's modulus (E)
are still slightly undervalued (for the virgin sample H= 8,7 ± 0,2 GPa
and E = 186 ± 9,7 GPa). Secondly, the measurements at 0,4 mN
result in plastic depths of about 26 nm, so some influence of uni-
rradiated volume of the material may be expected. Interestingly, in the
region 100–150 nm depth, H of the irradiated specimen matches H of
the virgin sample and in the region 50–100 nm is slightly lower. Taking
into account irradiation depth of the alumina coated specimen, and
impact of the unmodified substrate, one can postulate that at higher
depths we record response of the unmodified bulk material. While re-
corded at lower depths data suggest softening. However, since the
presented investigations are comparative and only a qualitative analysis
was carried out, this hypothesis will be verified by investigating sam-
ples irradiated with higher energy.

The results of hardness and Young's modulus of alumina-coated
samples as a function of irradiation dose are shown in Fig. 7a. The
representative L-D curves of nanoindentation measurements are pre-
sented in Fig. 7b. It is found that the hardness of all irradiated samples
drops, but to a different extent depending on the dose. The initial rather
significant decrease of hardness under irradiation at lower doses (up to
3 dpa) is followed by a slight and gradual increase under irradiation to
higher doses. Concerning the Young's modulus values, the dependence
is quite opposite; an initial rise under lower doses (up to 1 dpa) is
followed by a significant drop under higher doses. Interestingly, the
observed trends and scale of changes are completely different than
those observed for 316L SS. Since amorphous materials do not possess
long range order, irradiation does not generate vacancies and inter-
stitials the way it does with crystalline materials. According to previous
studies [49–53], changes in mechanical behavior of amorphous mate-
rials due to irradiation are predominantly caused by: (i) fluctuations in
free volume (which is a loosely packed region on the atomic scale), (ii)
radiation-induced crystallization and (iii) changes in bonding topology.

F. García Ferré et al. proved [4,9,10] that in PLD-grown Al2O3

coatings, irradiation initially induces an amorphous-to-crystalline
transformation, while extended irradiation induces a grain growth
which increases with increasing dpa. As for the nanomechanical prop-
erties, it was found that the initial transformation is accompanied by a
significant hardness increase (from Hvirgin = 9,9 ± 0,2 GPa to
H20dpa = 17,8 ± 0,2 GPa), while subsequent grain growth results in a
softening of the material (H40dpa = 17,2 ± 1,2 GPa,
H150dpa = 15,9 ± 1,6 GPa), in accordance to the Hall-Petch re-
lationship. The (reduced) Young's modulus was shown to increase
monotonically with increasing dose (from Er,20dpa = 205 ± 0,7 GPa to
Er,150dpa = 245 ± 10 GPa). However, since no evidence of significant
hardening was observed in this study, we assume that crystallization
did not occur. This finding is fully consistent with GIXRD analysis (see
Fig. 3). According to [9,10], the onset of crystallization depends on the
dose, dose rate and temperature. The temperature component plays a
crucial role, because it can trigger phase transformation entirely in-
dependently. α-Al2O3 is the only thermodynamically stable phase of
alumina [54–56]. Any other forms i.e. amorphous or crystalline poly-
morphs (γ, δ, η, χ, θ and κ) are metastable. Therefore, once the certain
thermal activation energy is achieved, metastable material commences
phase transformation. In the study performed by N. Yu et al. [57] it has

Fig. 6. Nanohardness of virgin and irradiated up to 50 dpa 1 μm Al2O3 coating
on 316L SS plotted versus the plastic indentation depth.
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been demonstrated that the recrystallization rate of thin alumina films
(which is induced by ion beam) is the temperature dependent factor.
The higher the temperature (in the range of 400 to 600 °C) the faster the
regrowth process under irradiation. One must remember that in the
investigations of F. García Ferré et al., irradiations were carried out at
600 °C, while RT ion implantations were performed in this study.
Therefore, we believe that the disparities observed between our and
reported studies arise from different irradiation conditions. In order to
answer this question, TEM studies on samples irradiated at room tem-
perature with high energy Au-ions have been started.

A similar mechanical response to irradiation was observed in ion
irradiated metallic glass Ni50Nb10Zr15Ti15Pt7.5Cu2.5 obtained by Y.H.
Qiu et al. [58], where Positron annihilation Doppler broadening results
showed that low dose irradiation destroys the short range order and
introduce extensive free volume, while high dose irradiation promote
the formation of local order structure consuming the free volume (in
order to confirm this hypothesis, TEM studies are ongoing). The com-
parison of positron annihilation DB with nanoindentation measure-
ments reveals a close relationship between changes in free volume and
mechanical properties in metallic glasses. One can conclude that in-
crease in free volume results in a decrease in hardness. These fluctua-
tions in the free volume content are one of the possible explanations for
the alteration of mechanical properties observed in this study. On the
other hand, it should be pointed out that TEM studies of the in-
vestigated Al2O3 [4,5,9,10] showed that as-deposited coatings are
composed of a dual phase structure, and that although the overall
structure is predominantly amorphous, some very low fraction of γ-
Al2O3 can be present. This may lead to other mechanisms of plastic
deformation and alternative behavior under irradiation. Results re-
ported in the work of Wei et al. [50] concerning the evolution of mi-
crostructure and mechanical properties in bulk metallic glass composite
(BMGC) (Cu48Zr48Al4 consisting of a glassy matrix and crystalline
phases) due to irradiation suggest that in BMGCs, simultaneous soft-
ening (caused by increase of the free volume) and hardening effects
(linked to phase transformation) in amorphous and crystalline regions,
respectively, may occur. However in that study the increase of hardness
in amorphous regions was accompanied by the rise of Young's modulus,
while in our results the direction of hardness and elastic modulus
changes were opposite. There is also a possibility that observed changes
in hardness are simply due to the sputtering of light alumina elements
by gold ions during irradiation process, resulting in the decrease of
density of near-surface region. This would mean that irradiation up to
50 dpa at RT in no way affects the mechanical properties of alumina
grown by PLD.

As the investigated alumina possesses a complex and unusual
structure, and because of the lack of comprehensive understanding
(especially from the structural point of view) of the response of amor-
phous materials to irradiation, proposed explanations of the observed

trends should not be considered as the only reasonable ones. Additional
data are needed to understand this subject matter. Reported results
should be taken as a starting point and background for further complex
structural and mechanical investigations such as combinations of
higher energy irradiation, new nanoindentation campaign (both in
room and at high temperature), Raman analysis, GI XRD and finally HR
TEM measurements. Actually, such research is currently ongoing. GI
XRD, Raman spectroscopy and HR TEM are complementary to each
other and serve us to develop deeper understanding of irradiation
triggered microstructural changes and to design optimized metho-
dology for further studies. In case of low energy (and therefore usually
shallow) ion irradiated non-metallic samples, Raman analysis appears
to be a promising method, because spectra can be collected from a very
small volume of the material. Transmission Electron Microscopy (TEM)
seems to be suitable for initial verification of the validity of the pos-
tulated phenomena. If assumptions concerning the microstructural or-
dering/disordering are correct, we expect that TEM images of ion-ir-
radiated samples will not reveal any obvious changes compared to
images of virgin material. This was the case in the study performed by
A. G. Perez-Bergquist et al. [59] concerning the effects of ion irradiation
of Zr52.5Cu17.9Ni14.6Al10Ti5 (BAM-11) metallic glass. In the future, au-
thors will consider implementation of the Positron Annihilation Spec-
troscopy technique which in terms of detecting changes in free volume
concentrations in amorphous materials, gives satisfactory results
[58,60–62].

Since the investigated coating is meant for fuel cladding applica-
tions, its tribological behaviour needs to be assessed as well. In this
study, two parameters commonly regarded as reliable indicators of
wear resistance are considered. These are: the ratio of hardness and
elastic modulus (H/E) [5,63–65] and the ratio of plastic to total in-
dentation work (Wpl/Wtot) [5,64,65] also called “microhardness dis-
sipation parameter” (MDP). One must remember that the choice of H/E
or MDP for wear resistance evaluation is more justified in stable and
adhesive wear conditions, respectively [5].

Presented studies (Fig. 8) shows that the MDP varies from
0.566 ± 0.024 for as-deposited condition, to 0.71 ± 0.017 for 3 dpa.
These results indicate that the robustness of the PLD-grown alumina
against adhesive wear is good and can be noticeably improved by ir-
radiation. Regarding the H/E ratio, one can see that the parameter
decreases under lower dose irradiation (from 0.047 ± 0.003 for as-
deposited condition, to 0.039 ± 0.002 for 3 dpa), and restores to the
level of unirradiated sample under higher dose irradiation. Reported
data indicate good coating performance in stable wear conditions, even
despite slight degradation under modest irradiation doses.

4. Conclusions

In the present study, examinations of nanomechanical properties of

Fig. 7. (a) Nanohardness and Young's modulus versus irradiation dose for 1 μm Al2O3 coating on 316L SS. (b) Load versus displacement curves recorded before and
after ion irradiation. Measurements performed at 0,4 mN.
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both the PLD-grown Al2O3 coating on 316L SS and the 316L SS sub-
strate itself, in virgin and irradiated states, have been performed.
Irradiations were carried out (250 keV Au+ and 150 keV Fe2+ for
alumina coating and steel, respectively) at room temperature leading to
damage doses ranging from 0,5 to 50 dpa. Nanoindentation investiga-
tions revealed that the hardness of the studied nanocrystalline Al2O3/a-
Al2O3 composite coating drops slightly due to irradiation. However, the
scale of the decrease depends from the dose. The only minor changes
recorded even for high dpa levels suggest that PLD-grown Al2O3 coating
can maintain stable mechanical properties over a wide range of doses,
which makes it attractive in terms of nuclear applications (especially in
the IV Generation systems). At the same time, the well-known radiation
hardening effect of 316L SS was observed. These results suggest that
radiation response mechanisms of amorphous materials are quite dif-
ferent from those found and relatively well known for crystalline ma-
terials, for examples as proved by GI XRD data, irradiation even to high
doses does not affect the structure of the coating.
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