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Introduction

In accordance with the International Atomic 
Energy Agency (IAEA) report on nuclear energy 
status issued at the mid of 2017 year, at the end of 
2016, there were 498 nuclear reactors operational 
in the world, which generated approximately 20% 
of the electricity consumed [1]. Most of them were 
water-cooled reactors utilizing zirconium oxide fuel 
enclosed in zirconium tubes. Such technology was 
developed around 50 years ago. Thanks to its con-
tinuous improvements in later years is now stable 
and effective one. This is attributed to very good 
properties of zirconium alloys such as low absorp-
tion of thermal neutron, good enough mechanical 
properties and resistance to the neutron irradiation 
and acceptable resistance to the corrosion in water 
environment at working temperature of the reactor 
amounting to around 360C. However, in the case of 
the permanent abrupt of main cooling loop (LOCA 
– loss of coolant accidents), the working conditions 
change dramatically and severe damages to reactor 
core could happen. The reason for this is exother-
mic reaction of zirconium with oxygen; the rate of 
them accelerates rapidly when temperature grows. 
Lack of cooling leads to temperature growth of fuel 
elements due to the heat generated by radioactive 
decay of fi ssion products. 
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At a high temperature (around 1000C), the rate 
of the heat generation due to oxidation of zirconium 
in the steam atmosphere may exceed that of radioac-
tive decay, leading to fast uncontrolled temperature 
growth. As oxidation of zirconium is accompanied 
by free hydrogen release, the danger of hydrogen 
explosion is very high. Analysing 50 years of ex-
perience with nuclear energy, it can be concluded 
that such events happen rarely (Chernobyl – 1986, 
Fukushima Daiichi – 2011). However, when it hap-
pens, it seriously undermines trust of public opinion 
to the safety of nuclear power. Additionally, costs of 
restoration of damages made to reactor structure and 
environment are usually very high. 

However it is not questioned that nuclear energy 
based plants are able to produce electrical energy in 
a free of carbon emission manner on a massive scale 
for the long time reaching 60 years or more. As an an-
thropogenic emission of carbon dioxide due to the ap-
plication of fossil fuels for electricity generation is now 
considering as the biggest danger for the humanity, 
carefully designed and properly managed the nuclear 
power becomes very attractive replacement for it. It 
is worth to mention that new concepts of nuclear re-
actors elaborated in the framework of Generation IV 
Forum (fast reactors, high-temperature reactors, mol-
ten salt reactors) and recently developed proposition 
of fully ceramic microencapsulated (FCM) fuels for 
light-water reactor (LWR), while implemented, may 
essentially change the way fi ssile materials are utilized 
[2, 3]. The increase in nuclear safety, cost-effi ciency, 
reduction in wastes generated and resistance to diver-
sion of nuclear materials are expected. Moreover, the 
generation of high-temperature heat enabling impor-
tant chemical processes like water splitting would be 
possible with high-temperature reactors. 

Soon, after the Fukushima accident, the nuclear 
international community focussed their interests 
on the development of nuclear fuel elements that 
will be resistant to such events. The concept of ac-
cident tolerant fuels (ATF) has been developed for 
this purpose and is now actively pursuit [4–16]. 
For this purpose, high-performance materials are 
required, which are less oxidizable in water steam 
environment, able to withstand high pressure inside 
the fuel tube to prevent ballooning in the absence 
of cooling water and preserve their mechanical 
properties under neutron irradiation. Additional 
complexity arises from the requirement that any 
change made to fuel elements should not disturb 
substantially neutron fl uxes [17]. 

Different concepts were proposed for ATF. 
The most revolutionary one was based on replac-
ing zirconium alloys with composites of silicon 
carbide. Another one was applying external oxi-
dation resistant coating to the external surface of 
zirconium alloy tube. As on the way to introducing 
the new type fuel to the market the extensive tests 
are required fulfi lling the existing regulations the 
little bit conservative concept of external coatings 
seems to have potential to be implemented in shorter 
time. The results of the research works published 
on this subject in open literature by the end of 2016 
have been recently reviewed [18]. 

The leading companies from the nuclear sector 
are actively working on ATF implementation. Ac-
cording to commonly available data, the following 
projects are going on: 
 – application of silicon carbide composites as clad-

dings for either current fuel or uranium silicide 
U3Si2 fuel (Westinghouse), 

 – application of zirconium alloy cladding coated 
with external chromium layer for uranium oxide 
fuel (dotted with small admixture of chromia 
(AREVA)) and 

 – ferritic/martensitic steel alloy claddings (e.g. 
Fe-Cr-Al) and conventional uranium oxide fuel. 
Recently, the renewed interest to nuclear power 

has been observed in Poland. The strategic research 
programme called “Technologies supporting devel-
opment of safe nuclear power engineering” was 
established in a response to the expected nuclear 
power engineering introduction to Poland. Labora-
tory of Materials Research (INCT, Warsaw) joined 
this programme focusing their research works on 
zirconium oxidation mechanisms in normal work-
ing conditions and emergency cases as well as 
countermeasures that would help to mitigate cata-
strophic oxidation of zirconium in the case of LOCA. 
The technique of high-intensity pulsed ion-plasma 
beam treatment has been applied for the modifi ca-
tion of the surface layer of zirconium. Using this 
method, the melting of the surface layer and doping 
with eroded metallic electrode materials such as Y, 
Cr and Al into the melted surface layer was possible. 
However, the concentration of doped elements was 
usually at the level of few percent that was not high 
enough for creation of protective oxide layer on 
the surface of the fuel rod in the case of tempera-
ture evolution. Good results in autoclave tests and 
in the oxidation test in air at a high temperature 
were obtained in the case of chromium layer of 
3.5 m deposited by arc plasma discharge [19]. 
Based on this experience, we fi nally switched to 
physical deposition methods and selected zirconium 
silicides as possible protective coatings. 

Different methods of coating deposition are 
known, such as chemical vapour deposition (CVD), 
physical vapour deposition (PVD), wet chemistry 
methods, thermal spray and gas dynamic cold spray. 
Magnetron sputtering, a kind of PVD process, based 
on deposition on the substrate of atoms ejected from 
the target by the action of energetic argon ion beam 
bombardment has some important advantages [17]. 
The most important of them are wide range of pos-
sible coating synthesis by deposition from one or 
more independent targets, uniform coating thickness, 
high purity of coatings and possibility of substrate 
surface cleaning via plasma prior to a deposition. 

There are few reasons for the coating material 
choice. At fi rst, zirconium and silicon are preferred 
over chromium due to the lower cross-sections for 
thermal neutron absorption in comparison to those 
of the chromium. Another ones are related to mate-
rial properties of silicides, particularly to their high 
melting point, resistance to oxidation and similarity 
of liner thermal expansion coeffi cients to that of 
zirconium alloys. 
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Generally, zirconium silicide and zirconium 
silicate are known for good oxidation resistance 
in high-temperature conditions and for this reason 
are considered for application as environmental 
barrier coatings for high-temperature gas-turbine 
components. Only recently, they were started to 
be explored for application as corrosion protective 
coatings for nuclear fuel elements [20, 21]. A review 
of existing literature and analysis of thermodynamic 
data indicate that silicon-based coatings may offer 
excellent prospects in this fi eld [22– 24]. Particularly, 
they may provide a more protective barrier than the 
native ZrO2 fi lms formed on alloy cladding during 
routine nuclear plant operations and an exceptional 
protective barrier during high-temperature accident 
scenarios. A phase diagram of the Zr-Si system 
presented in Fig. 1 clearly shows existence of inter-
metallic compounds with different Zr/Si ratios and 
stability regions. For example, ZrSi2 is stable up to 
1620C and ZrSi is stable up to 2210C. Temperature 
range of stability for zirconium (ZrSiO4) extends 
to 1673C, where it thermally decomposes by solid 
state reaction giving ZrO2 and SiO2 [24]. 

Both zirconium and silicon readily form their 
respective oxides at high temperatures. According 
to the Ellingham diagram, the enthalpy of ZrO2 
formation is higher than the enthalpy of silicon di-
oxide formation, and zirconium dioxide should be 
formed preferentially according to thermodynamic 
laws. However, kinetic factors also need to be taken 
into account. In the course of zirconium silicide 
oxidation, depletion of zirconium leads to increase 
in silicon activity and formation of silicon oxide. As 
the results ZrO2 or SiO2 or even ZrSiO4 may form 

depending on the stoichiometry of the Zr-silicide. 
Moreover, in the case of ZrSi2 layer, depletion of 
silicon should lead to the formation of ZrSi pos-
sessing a higher melting temperature. Thus, it seems 
that zirconium silicide coatings with stoichiometry 
of ZrSi2 offer good prospects for the application as 
a protective layer for oxidation at high-temperature 
regions. To check this hypothesis, relevant studies 
have been undertaken. 

Experimental 

The multisource plasma magnetron sputtering de-
veloped in the Institute for Sustainable Technolo-
gies (IST, Radom) has been used for deposition of 
coatings. The system containing three magnetron 
plasma sources, three power and control systems, 
is dedicated for non-reactive magnetron synthesis 
of layers of composite materials. The commercially 
available zirconium alloy Zr705 grade (Fe – 0.53%, 
Nb – 1.30%, Hf – 1.91%, Zr – 96.14%) supplied by 
Stanford Advanced Materials has been used for the 
sample preparation. 

Slices of 5 mm in thickness were cut from the 
rod of 25.4 mm in diameter. The samples were pol-
ished with sand papers and cleaned by ultrasound 
bath. Furthermore, before coating deposition, their 
surfaces were etched in low-pressure glow discharge 
in argon gas. Zr-Si coatings were sputter deposited 
to a nominal thickness of about 3 m by the DC 
magnetron sputtering technique from a pure Zr and 
Si target and ZrSi2 sintered target with a diameter of 
100 mm and a thickness of 8 mm, adhesively bonded 

Fig. 1. The zirconium-silicon phase diagram.
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on a copper washer. Before deposition, the chamber 
was evacuated to 3 × 103 Pa and the samples were 
heated up to about 300C. The working pressure 
during deposition was 0.5 Pa, and the distance 
from the samples to the plasma source was 150 mm. 
During the process, the temperature was constantly 
monitored using a pyrometric temperature measure-
ment system. The negative bias of substrate was 
100 V. The power applied to the ZrSi2 target was 
equal to 600 W maximum in the case of deposition 
from single ZrSi2 target. In the case of deposition 
from two independent targets, the power applied 
to the Si target amounted to 400 W and that to the 
Zr target amounted to 200 W. The typical time of 
deposition of coatings was equal to 150 minutes. 

Two series of samples were prepared using differ-
ent combinations of targets. The fi rst one was pre-
pared using two independent zirconium and silicon 
targets. This allowed for the synthesis of coatings 
with different stoichiometries by changing relative 
sputtering rates of the targets. The second series were 
prepared using one target made of ZrSi2 compound. 

The as-deposited samples were amorphous as 
was confi rmed by X-ray diffraction studies. For the 
development of crystallinity, thermal treatment in 
neutral gas atmosphere of fl owing argon in the tube 
furnace was necessary. 

For the oxidation resistance determination of 
coatings, two types of tests were performed. One of 
them aimed at the oxidation kinetics determination 
and another one at performance determination in 
the case of simulated accident conditions. For the 
oxidation kinetics study, weight increase of the 
sample was determined after their oxidation in air 
at a temperature of 700C. The sample coated on 
both faces was periodically placed into the warmed 
up furnace and taken out after one hour warming 
up period up to 5 times maximum. After cooling on 
air, the weight of the sample was determined using 
a precision balance. The weight increment data 
were fi tted to the power function. Independently, the 
four one-side coated samples were placed into 
the furnace warmed to 700C and were taken out one 
by one in one hour interval for the SEM studies on 
morphologies and thicknesses evolution of coated 
layer in the course of oxidation. 

For the determination of performance in the case 
of uncontrolled temperature growth in the case of 

LOCA condition, the one-side coated samples were 
placed inside the furnace warmed up to 1100C for 
1000 seconds in atmospheric air and after that taken 
out and dropped immediately into the water. 

On each step of research, the scanning electron 
microscope – SEM (Ultra Plus, Zeiss), X-ray diffrac-
tometer – XRD (D8 Advance, Bruker) and energy 
dispersive X-ray spectroscopy – EDX (Quantax, 
Bruker) methods were applied for the morphologi-
cal, structural and elemental composition studies. 

Results 

The results of weigh increase resulting from the 
oxidation in air at temperature of 700C are given 
in Table 1 for two types of coated samples and for 
the raw sample. The data were fi tted to the power 
function of the form 

wk   · t
or the logarithmic form 

log(w)  1/k * log(t)  log()/k 
where w is the mass gain and t the time.

The results of linear regression fi tting are pre-
sented in Table 2. 

The analysis of the data obtained clearly shows 
smaller mass gain in the case of coated samples. 
For the samples coated from two targets, the mass 
gain for the 5-hour oxidation in air at 700C is 
3.17 times smaller than that in the case of the raw 
sample. Analysis of the regression data confi rms the 
protective nature of coatings. The obtained values 
of exponential factor k equal to 1.73 (in the case of 
deposition from two targets) and 1.83 (in the case 
of deposition from one target) are slightly smaller 
than the ideal value of 2, corresponding to the case 
when diffusion of oxygen through the layer is the 
main responsible mechanism for the mass gain 
during oxidation. It cannot be excluded that small 
porosity exists in the coatings directly related to the 
columnar-like microstructure of coatings obtained 
by magnetron sputtering. It is worth to mention 
that the coatings from two targets exhibit smaller 
values of mass increase with the time of oxidation. 
It was also found that the samples prepared from 
two targets after treatment at 700C in atmospheric 
air for 4 hours exhibit smooth surface, free of visible 
cracks, while in the case of coatings prepared with 
application of ZrSi2 compound target, the network 
of cracks was clearly visible. 

Experiments performed at a higher temperature 
of 1100C with fast cooling in water show again the 
better performance of the coated samples. The mass 
gain for the uncoated sample was equal to 0.3039 g, 
while for the sample coated from two targets, it was 
0.2216 g and for the sample coated from one com-
pound target, it was 0.2159 g. 

It was mentioned already that as-deposited sam-
ples were amorphous. The thermal treatment of the 

Table 1. Mass gain due to the oxidation in air at 700C

Time 
[h]

Zr alloy, raw 
[g]

Coated from 
ZrSi2 target 

[g]

Coated from Zr 
and Si targets 

[g]

1 0.0264 0.0096 0.0072
2 0.0325 0.0134 0.0088
3 0.0383 0.0156 0.0126
4 0.0472 0.0195 0.0143
5 0.0585 0.0241 0.0184

Table 2. The functional form of linear regression fi tting to the mass gain due to the oxidation in air at 700C 
Zr alloy, raw log(w) = 0.4738 * log(t) – 1.6505
Coated from ZrSi2 target log(w) = 0.5474 * log(t) – 2.0327
Coated from Zr and Si targets log(w) = 0.5768 * log(t) – 2.1754
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samples in the furnace at fl owing argon atmosphere 
enabled for the development of crystallinity. This 
was confi rmed by XRD measurements presented 
in Fig. 2, showing the spectra measured at normal 
Bragg-Brentano geometry and at glancing angles of 
5 and 10. 

It is seen that in the case of normal diffrac-
tion geometry, the zirconium substrate refl ection 
is dominated in the spectrum (marked with blue 
markers), while in the other two cases, especially at 
a glancing angle of 5, the refl ections belonging to 
the ZrSi2 phase are clearly visible (marked with 
yellow marks). The Rietveld refi nement of the XRD 
spectra based on the model of two contributing 
phases Zr and ZrSi2 converged successfully, confi rm-
ing the validity of the model. 

The SEM studies of cross-sections of thermally 
treated coated samples allow us for making interest-
ing observation of the morphology of coatings. After 
treatment in non-oxidizing argon atmosphere, we 
observed the formation of layered structure inside 
the coating. Three distinct layers can be distin-
guished as is shown in Fig. 3. For each of the layer, 
different elemental contents of zirconium, silicon 
and oxygen were found using the EDX method. 

Starting from the outer region, we can observe 
the following: 
 – The thin external layer containing Zr, Si and O 

elements. The presence of monoclinic ZrO2 has 
been confi rmed already by XRD spectra, and 

this phase is probably present mainly here. The 
structural form of Si is at present unknown. 
The XRD diffraction does not give any evidence 
for the presence of crystalline forms. The pres-
ence of amorphous silicon oxides is possible and 
needs to be confi rmed. 

 – The middle layer with near ZrSi2 stoichiom-
etry. The XRD studies confi rm the presence of 
crystalline ZrSi2. 

 – The wider, near to the bulk Zr alloy layer with 
stoichiometry ZrSi. 
The presence of oxygen in the near-surface layer is 

the result of oxidation due to some admixture of this 
element still present in our fl owing argon tube furnace. 

The similar three-layer structure can be observed 
in the case of samples oxidized in air at 700C for 
3 hours, presented in Fig. 4. In this case however, 
contradictory to the case presented in Fig. 4, step-
-like region of high concentration of silicon can 
be seen at the surface and this can be attributed to 
the presence of silicon oxide phase. 

The experimental observation of in situ forma-
tion of smooth, parallel layers in the coatings initially 
containing mixture of zirconium and silicon during 
thermal treatment was not described earlier. It seems 
to be worth to investigate further structural proper-
ties of formed layers. The formation of ZrSi phase 
near the surface of bulk zirconium alloy would allow 
for extending the temperature range where zirco-
nium silicides may be protective against oxidation. 

Fig. 2. The XRD spectra of coating deposited from the two independent targets (Zr, Si) after thermal treatment at 
a temperature of 800C in fl owing argon atmosphere in normal geometry (lower) at glancing angles of 10 (middle) 
and 5 (upper). 
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Conclusions 

The safety of the nuclear installation in the case of 
beyond design accidents strongly depends on ma-
terials utilized. To avoid in the future catastrophic 
accident like that in Fukushima, there is necessity to 
develop high-performance materials that can with-
stand severe oxidation conditions present in the case 
of accidents. In the studies presented in this paper, 
the zirconium silicide material was proposed as 
a protective coating for the zirconium alloy fuel tubes. 
Preliminary studies performed confi rmed protective 
character of this coating at the temperature ranges 
investigated. The method of coating deposition from 
two independent targets allows for the preparation 
of thin coatings in the range of few micrometres with 
different stoichiometries. It seems that these vari-
ants are preferable over deposition using one target 
with defi nite stoichiometric composition as usually 
stoichiometry is not preserved during deposition. 
Moreover, no cracks were observed in the case of 
deposition using two elemental targets. The interest-
ing observation of the in situ formation of layered 
structure with different compositions inside coatings 
during thermal treatment in argon and air could 
be utilized for the development of coatings protective 
against oxidation at high temperatures. 
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