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Abstract: Temperature dependent He-irradiation-induced ion-beam mixing between amorphous
silicon oxycarbide (5iOC) and crystalline Fe was examined with a transmission electron microscope
(TEM) and via Rutherford backscattering spectrometry (RBS). The Fe marker layer (7.2 £ 0.8 nm)
was placed in between two amorphous SiOC layers (200 nm). The amount of ion-beam mixing after
298, 473, 673, 873, and 1073 K irradiation was investigated. Both TEM and RBS results showed no
ion-beam mixing between Fe and SiOC after 473 and 673 K irradiation and a very trivial amount of
ion-beam mixing (~2 nm) after 298 K irradiation. At irradiation temperatures higher than 873 K, the
Fe marker layer broke down and RBS could no longer be used to quantitatively examine the amount
of ion mixing. The results indicate that the Fe/SiOC nanocomposite is thermally stable and tends
to demix in the temperature range from 473 to 673 K. For application of this composite structure at
temperatures of 873 K or higher, layer stability is a key consideration.
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1. Introduction

Ion-solid interactions lead to a significant local rearrangement of atoms [1]. One example is
ion-beam mixing during ion irradiation, which is often observed at interfaces of systems containing
two or more different materials [2-4]. Ion-beam mixing is one of the few measureable quantities that are
directly correlated to damage level and has been studied in many solids [5-7]. For example, previous
experimental results revealed the occurrence of a temperature-independent ion mixing regime at low
temperatures and a temperature-dependent ion mixing regime at elevated temperatures [8,9]. At low
temperatures (50 K), ion-beam mixing is typically influenced by ballistic collision effects because
long-range defect migration is suppressed. Compared with the system which can be driven out
of its equilibrium state at low temperatures, mixing at elevated temperatures can drive the system
towards equilibrium or an energy favorable state [10]. The ion-beam mixing process is affected
by not only irradiation parameters such as ion species, dose, and temperature, but also materials
properties including heat of mixing and cohesive energy [7,11]. This is evidenced by significant
ion-beam mixing behavior differences in two solid systems (Au on Cu and W on Cu), which have
nearly an identical atomic number, atomic mass, and atomic density [12]. After irradiation under
similar conditions, W and Cu are barely mixed but Au and Cu are well intermixed [13]. The reason
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for the dramatic difference is that thermodynamics affect the mixing processes. The Au/Cu system,
which has negative heat of mixing, is easy to intermix. While the W/Cu system has positive heat
of mixing and tends to demix. For two solid systems with negative heat of mixing, the ion-beam
mixing behavior can often be observed by methods such as transmission electron microscope (TEM)
and Rutherford backscattering spectrometry (RBS). In some instances, alloy compounds may form
at the intermixed interface. In contrast, thermodynamic effects can dominate the mixing processes
in two solids systems with a positive heat of mixing; the mixing rate in these system is significantly
lower, and irradiation temperature can play a crucial role in the observed amount of ion-beam mixing.
Therefore, the ion-beam mixing behaviors of different solid systems can be used to investigate their
interface stability and physical properties [6,14].

In this study, the amorphous silicon oxycarbide (SiOC)/crystalline-Fe system was chosen for
two main reasons. First, amorphous SiOC possesses high crystallization temperatures (excess of
1300 °C), good oxidation, and creep resistance, making it a promising candidate for usage under
extreme conditions [15-19]. As a new kind of irradiation tolerant material, recent studies show
that amorphous SiOC retained its amorphous microstructure after both He and Kr irradiation from
room temperature to 600 °C, with damage levels up to 20 displacements per atom (dpa) [20,21].
These findings suggest that amorphous SiOC alloys are radiation-indifferent; within an envelope of
irradiation conditions, radiation-induced damage anneals out as fast as it is created.

Second, in order to serve in extreme irradiation environments, amorphous SiOC can be combined
with a crystalline metal component to improve its mechanical properties and heat conductivity [22-24].
One important question about this composite combination is whether the amorphous SiOC/ crystalline
metal interface is stable during irradiation. In this work, «-Fe was selected as the metal constituent of
the composite and was chosen as a surrogate for ferritic-martensitic steel.

Previous work has examined the promising thermal and radiation tolerant properties of this
composite [25,26]. The ion-beam mixing behavior and stability of the Fe/SiOC composite has
been investigated under 1 MeV Kr irradiation at 50 K, room temperature, 423 K, and 573 K:
a temperature-independent mixing regime is observed at low temperature and temperature-dependent
demixing is observed at elevated temperatures [27]. Although heavy ion (Kr) mixing of this Fe/SiOC
composite has been examined, how this composite responds during light ion-beam mixing and higher
temperatures remains unknown. Studying the higher temperature response is motivated by the fact
that the design of generation IV nuclear reactor requires an understanding of the material’s behavior
at temperatures higher than 573 K [28,29]. Therefore, the interface stability between amorphous SiOC
and crystalline Fe was examined by He ion irradiation at temperatures ranging from 298 to 1073 K.
The main aim of the present work was to investigate the interface stability of Fe/SiOC composite under
light ion irradiation over a wide range of temperatures. A systematic evaluation of these variables will
allow for an easier translation to reactor environments.

2. Materials and Methods

2.1. Marker Specimen Preparation

In this work, Si (100) with a 300 nm SiO, surface oxide was used as the substrate for subsequently
deposited films. Magnetron sputtering was used to prepare the marker specimen where one Fe layer is
embedded between two amorphous SiOC layers. The Fe marker layer (7.2 4= 0.8 nm) was prepared near
the mid-planes of the specimens (SiOC/Fe/SiOC, 200/7/200 nm). A base pressure of 7.5 x 107° Pa or
lower was obtained prior to depositions. The typical Ar partial pressure used to deposit both Fe and
SiOC layers was ~0.65 Pa. The amorphous SiOC layers were synthesized from radio frequency (RF)
co-sputtering SiC and SiO; targets at room temperature. As is typical in metal layer sputter deposition,
direct current (DC) magnetron sputtering was used to prepare the o-Fe marker layer.
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2.2. Ion Irradiation and Rutherford Backscattering Spectrometry (RBS) Experiment

The marker specimens were irradiated by using 120 keV He ions at 298, 473, 673, 873, and 1073 K.
The ion irradiations were carried out with an average beam current of 9 microamps (pA). Samples, 1 cm
x 1 cm in dimension, were masked so that only half the sample was exposed to the ion beam and the
masked part of the sample only experienced thermal heating. For irradiations at temperatures above
298 K, both the thermal and irradiated portions of the samples experienced the same thermal history.
Heating to 1073 K was controlled manually. Samples were attached to a hot stage with conductive Ag
glue, where the heat stage acted as a heat sink. Temperature readings from thermal couplers (OMEGA
Engineering, Inc., Norwalk, CT, USA) attached to the heat stage surface was used to monitor and
control heating, through power adjustment to a light bulb contained inside the stage. The temperature
measurements through thermal couplers were further calibrated with an infrared camera (FLIR
Systems, Wilsonville, OR, USA) which showed good agreement. For irradiation at room temperature,
no cooling was applied, and temperatures of samples were slightly increased but stayed constant at
about 308 K. For irradiation at an elevated temperature, the heating power was automatically adjusted
to include the effect from beam heating. The overall temperature fluctuations under all irradiation
conditions were less than 5 K. RBS was carried out using 2 MeV He with a 1 mm X 1 mm beam spot.
A semiconductor detector (Ortec, Oak Ridge, TN, USA) with a 20 keV energy resolution was positioned
at a scattering angle of 160° away from the beam incident direction. In addition, the samples were
tilted 60° (towards the detector) to improve resolution of the Fe marker layer.

2.3. Stopping and Range of lons in Matter (SRIM) Simulation and Microstructure Characterization

All cross-sectional TEM specimens were prepared by conventional dimple, grinding, and
polishing, followed by an ion milling process. A low energy (3.5 keV) and a low angle (5°) were used to
minimize the ion milling damage in sample preparation. The microstructure of SiOC/Fe/SiOC marker
specimens before and after irradiation was characterized by a Tecnai G2 F20 microscope (Field Electron
and Ion Co., Hillsboro, OR, USA) with an operation voltage of 200 keV. The microstructure of
marker specimen after pure heat treatment was also examined. Depth-dependent damage and defect
concentration profiles were calculated by the Stopping and Range of Ions in Matter (SRIM)-2008 using
the ion distribution and quick calculation of damage option [30]. The displacement energies for Fe was
taken as 40 eV. The recoil distribution of Si and Fe elements at the Fe/SiOC interface were simulated
by using the detailed calculation with the full damage cascades option.

3. Results

3.1. Stopping and Range of lons in Matter (SRIM) Simulation

To examine the light ion irradiation stability of the Fe/SiOC interface, 120 keV He ions were
selected for the irradiation of marker samples at 298, 473, 673, 873, and 1073 K. Figure 1a presents the
SRIM simulation of the Helium implantation distribution and energy-to-recoil profile as a function of
target depth. Because most of the helium ions came to rest in the SiO, /silicon substrate, the Fe/SiOC
interface only experienced ion irradiation with no He implantation. An Fe layer with a thickness
of 7.2 £ 0.8 nm is sandwiched between two amorphous SiOC layers with thicknesses of 200 nm.
An estimate of the ballistic mixing was made with SRIM using a sample represented by SiOC/Fe/SiOC
(200/7/200 nm). The Si and Fe recoil distribution profiles at the two Fe/SiOC interfaces are presented
as Figure 1b. The inset is the magnified recoil distribution at the interface region, which suggests
~10 nm of forward recoil intermixing and 5 nm back recoil intermixing.
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Figure 1. (a) Stopping and Range of Ions in Matter (SRIM) simulation of He and energy to recoil
profile as a function of target depth. Blue dotted lines present the interfaces between different layers;
(b) Simulated Si and Fe recoil distribution by 120 keV He irradiation. The inset is the magnified recoil
distribution at the interface region.

3.2. Analysis of Microstructure before and after Irradiation

Figure 2a shows the typical cross-sectional bright-field TEM micrograph of a marker specimen
before He irradiation where one Fe layer is in between two amorphous SiOC layers. The micrograph
shows clear interfaces and the as-deposited SiOC layers exhibit uniform contrast, while the
7.2 £ 0.8 nm thick Fe marker layer shows a typical columnar structure. The selective area diffraction
(SAD) pattern of the marker sample (insets of Figure 2a) exhibits a diffuse halo around the central
beam and a weak diffraction pattern with similar interval spacing. The results indicate the amorphous
nature of the SiOC layers and the body-centered cubic (BCC) structure of the Fe marker layer.
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(H) 673K, 1 dpa

Figure 2. Typical cross-sectional bright-field transmission electron microscope (TEM) micrographs of
marker specimen (a) before and after (c) 298 K and (e) 673 K, 1 dpa irradiation. The high resolution
scanning transmission electron microscope (STEM) images of these specimens are shown as (b), (d),
and (f), respectively.

To investigate the light ion radiation stability of the Fe/SiOC interface over a wide range
of temperatures, He irradiations were performed at 298, 473, 673, 873, and 1073 K. The typical
microstructure evolutions of the marker samples after irradiation at 298 and 673 K with 1 dpa
irradiation are presented as Figure 2c,e, respectively. The average thickness of the Fe marker layer
expands slightly from 7.2 4= 0.8 nm to 9.7 &= 1.2 nm after 298 K irradiation (Figure 2c). This observation
is consistent with heavy ion irradiation (Kr) irradiation results that showed slight layer broadening
after room temperature irradiation [27]. Compared with the simulated recoil distribution of Fe, which
indicates ~10 nm of forward intermixing and 5 nm back recoil intermixing, the actual extent of layer
broadening is smaller after 298 K irradiation. It is interesting to note that the marker layer thickness
after 673 K irradiation (Figure 2e) is 7.0 &= 0.9 nm, which is almost the same as that of the as-deposited
specimen. In order to clearly show the 2 nm average thickness change in the Fe marker layers, high
resolution scanning transmission electron microscope (STEM) images of marker specimens before
and after 298 and 673 K irradiation are presented as Figure 2b,d f, respectively. Compared with the
as-deposited marker sample and the marker sample after 673 K irradiation, the sample after 298 K
irradiation exhibits several small ion-beam mixing regions. These findings suggest that a certain
amount of ion-beam mixing occurred after 298 K irradiation. In general, as an ion penetrates the
interface between two different solids, nuclear and electronic energy are deposited into the solid. For
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He irradiation, the primary processes that take place at the interface include atomic displacements,
recoil implantation, and dilute cascades. These processes can result in interatomic mixing between
the species of the two solids. The observed layer broadening shown in Figure 2b is the consequence
of overlapped localized mixing. When the irradiation temperature is low, the thermal energy for
atomic diffusion is small. Therefore, ballistic effects play a significant role in determining the extent
of intermixing between Fe and SiOC atoms. As the irradiation temperature increases, kinetics are
sufficient to allow chemical driving forces to come into play, and the mixed regions are able to
back-segregate if the heat of mixing in that system is positive.

One of the most important features observed after 1 dpa irradiation at 873 K is that significant
layer broadening occurs and pinch off sites start to appear in the marker layer (Figure 3a). Similar
observations can also be seen for marker layers that experience pure thermal annealing at 873 K,
which is shown in Figure 3b. These results suggest that irradiation temperature plays a crucial role in
layer stability. In general, layer stability depends on the ratio of average grain size to layer thickness
(d/h) [31,32]. The critical d/h value is determined by grain-boundary energies and interface energies
between components. Previous work shows that high d/h values result in layer instability. In this
SiOC/Fe/SiOC system (200/7 /200 nm), the 7 nm thin marker layers undergo breakdown, limiting
the stability temperature range for such a thin layer. In addition, increased irradiation damage (5 dpa,
Figure 3c) and a higher irradiation temperature (1073 K, Figure 3d) lead to rapid evolution from a
discontinuous layered structure to an equiaxed grain microstructure. This process results in rapid
spheroidization of the marker layers and the minimization of system energy. One solution to this
problem is to increase the thickness of the marker layer.

Figure 3. The microstructural evolution of marker specimen after (a) 873 K 1 dpa irradiation and
(b) pure 873 K thermal annealing, showing layer breakdown after either thermal annealing or
irradiation. The discontinuous layered structure evolved to an equiaxed grain microstructure after
(c) 873 K 5 dpa and (d) 1073 K 1 dpa irradiation.

3.3. RBS Results

To quantify the amount of ion mixing between Fe and SiOC under He irradiation at different
temperatures, RBS measurements were conducted for these marker samples before and after irradiation
at different temperatures. The marker specimen were also examined after pure equivalent thermal
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annealing. The RBS yield of marker specimen after thermal annealing and irradiation are present in
Figure 4a,b. Because layer breakdown takes place after 873 and 1073 K irradiation, RBS data after these
conditions cannot be used to quantify the amount of ion mixing, therefore, these results are not shown
in Figure 4. In this study, we take standard derivation (o) from the Gaussian fitting of the RBS data
as a measure of the spreading of the marker layer. The irradiation-induced spreading after thermal
annealing and irradiation is determined by the change of variance [7].
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Figure 4. Rutherford backscattering spectrometry (RBS) yield of Fe marker layer (a) after different
temperatures annealing and (b) different temperatures irradiation. A Gaussian function is used to fit
these data.

Table 1 shows the calculated layer spreading for marker layers before and after pure thermal
annealing and irradiation at different temperatures. The results are consistent with the TEM findings
presented in Figure 2; a small amount of ion mixing is observed in the marker specimen after RT
irradiation, and a radiation-enhance demixing process takes place at 473 and 673 K. The enhanced
atomic mobility due to irradiation plus thermal energy drive the Fe/SiOC system to a more
energetically favorable state. This is also evidenced by the observed grain growth at the Fe marker
layer after 473 or 673 K irradiation.

Table 1. The layer spreading after thermal annealing and different temperature irradiation. A positive
number indicates layer spreading; a negative number suggests layer sharpening.

. Layer Spreading after Layer Spreading after 1 dpa
Specimens Thermal Annealing (nm) Irradiation (nm)
298K 0 25+04
473 K 1.0+0.3 —-2.0+£03
673K 1.0+0.3 —-2.6£0.6

Figure 5 summarizes the overall trend for He ion mixing over a wide range of temperatures from
298 to 1073 K. A ballistic mixing regime is apparent at low temperature and a demixing regime is
observed at elevated temperature. At temperatures higher than a critical temperature, the layered
structure breaks down. To determine the ion mixing process at temperatures higher than 873 K,
a thicker marker layer is required to overcome the limitation of layer instability.
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He*
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Irradiation temperature

Figure 5. Schematic illustration of sample geometry and structural evolution of marker layer as a
function of irradiation temperature.

4. Conclusions

In summary, no ion-beam induced mixing is observed at the Fe/SiOC interface after 473 and
673 K irradiation; on the contrary, a very trivial amount of ion-beam mixing (~2 nm) was presented
after RT irradiation. The results indicate a positive heat of mixing in the Fe/SiOC system. When
the irradiation temperature reaches 873 K or higher, layer thickness controls stability. These findings
provide information on how the SiOC/Fe amorphous-ceramic/crystalline-metal system behaves
under ion irradiation over a wide range of temperatures. The data can be used to understand how
amorphous/crystal interfaces influence irradiation tolerance and aid in the potential design of such
composites for service in extreme harsh environments.
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