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The air oxidation behavior of zirconium-silicide coatings for three stoichiometries, namely, Zr2Si, ZrSi, and ZrSi2,
at 700 °C has been investigated. These three coatingswere deposited on a zirconium-alloy substrate using amag-
netron sputter process at a low temperature. Argon gas pressure was observed to have a profound effect on the
coating microstructure, with lower pressures favoring a denser and more protective microstructure. Coatings of
ZrSi2 stoichiometry clearly showed superior oxidation resistance presumably due to the formation of a thin pro-
tective oxide layer, consisting of nanocrystalline SiO2 and ZrSiO4 in amorphous Zr-Si-O matrix. The thermal sta-
bility of the coatings was evaluated by annealing in an argon environment, and this also assisted in eliciting the
effects of oxidation-induced inward Si migration. Thicker coatings of ZrSi2 were prepared and evaluated for ox-
idation resistance at 700 °C for longer exposure times, aswell as at 1000 °C and 1200 °C. Once again the thin oxide
layer provided for significant oxidation resistance. Pre-oxidizing the samples at 700 °C prior to 1000 °C and
1200 °C oxidation tests substantially reduced the extent of oxidation. Insights into the fundamental mechanisms
of the oxidation behavior of zirconium-silicide coatings were obtained using a combination of scanning electron
microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy techniques. One potential application of
these coatings is to enhance the oxidation resistance of zirconium-alloy fuel cladding in light water reactors
under normal and accident conditions.
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1. Introduction

Coatings of structuralmaterial for elevated temperature applications
are becoming increasingly important in a broad spectrum of industries
including, aerospace, power generation, and chemical plants. In particu-
lar, long term exposure of base materials in high temperature air envi-
ronment undermines inherent mechanical properties by chemical
reaction with ambient oxygen and moisture. For example, the exother-
mic reaction of zirconium-alloy and high temperature air or steam in
high temperature leads to loss of intrinsic mechanical properties due
to thick oxide layer formation and hydrogen embrittlement [1–3]. Tran-
sition metal silicides, particularly molybdenum-silicide (MoSi2) have
been extensively used as coatings for graphite,Molybdenum, andNiobi-
um structural material in the high temperature applications due to its
excellent oxidation resistance andmechanical properties [4–6]. Howev-
er, there is very limited literature on zirconium-silicide in regards to

oxidation or in its use as a coating material. Zirconium silicides (ZrxSiy)
have high melting points (e.g., ZrSi and Zr3Si2 melts at 2203 °C and
2215 °C, respectively [7]). In high temperature air, formation of a pas-
sive oxide layer, outstanding oxidation resistance SiO2 and ZrSiO4, sug-
gest that zirconium-silicide could be good candidate oxidation resistant
coating material for high temperature applications [8,9]. In particular,
the application of zirconium-silicide coatings on zirconium alloys ap-
pears logical given the inherent compatibility between the coating and
substrate materials, and no previous studies have been reported on
the oxidation behavior of this particular coating-substrate system.

In this study, magnetron sputter deposition of zirconium-silicide on
Zircaloy-4 substrate has been explored. To maximize oxidation resis-
tance, deposition parameters and coating compositions have been in-
vestigated with characterization of oxidation behavior at 700 °C in air
and of thermal stability at 700 °C in argon environment. A temperature
of 700 °C was selected to avoid excessive substrate oxidation and to
evaluate a formation of non-protective oxide scale like MoSi2 [4,10]. Fi-
nally, the optimized zirconium-silicide coating was prepared and oxi-
dized at 1000 °C and 1200 °C in ambient air to evaluate oxidation
resistance, which demonstrates potential feasibility of the zirconium-

Surface & Coatings Technology 316 (2017) 30–38

⁎ Corresponding author at: Engineering Physics Department, 1500 Engineering Drive
Rm. 919, University of Wisconsin, Madison, WI 53706, USA.

E-mail address: ksridhar@wisc.edu (K. Sridharan).

http://dx.doi.org/10.1016/j.surfcoat.2017.03.018
0257-8972/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Surface & Coatings Technology

j ourna l homepage: www.e lsev ie r .com/ locate /sur fcoat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2017.03.018&domain=pdf
http://dx.doi.org/10.1016/j.surfcoat.2017.03.018
mailto:ksridhar@wisc.edu
Journal logo
http://dx.doi.org/10.1016/j.surfcoat.2017.03.018
http://www.sciencedirect.com/science/journal/02578972
www.elsevier.com/locate/surfcoat


silicide coating for zirconium-alloy cladding in light water reactors
under potential accident scenarios.

2. Experimental procedure

Test flat coupons of Zircaloy-4 (referred to henceforth as Zirc-4,
nominal composition: 0.07 wt% Cr, 0.18 wt% Fe, 0.09 wt% O, and bal-
anced Zr) substrates for deposition of zirconium-silicide coatings were
prepared by sectioning square samples 12.7 × 12.7 mm2, 2.8 mm thick
in dimensions. The samples were then ground successively with 320
grit and 600 grit SiC abrasive paper followed by cleaning with acetone
and methanol. Three compositions of zirconium-silicide sputter targets
(i.e., Zr2Si, ZrSi, and ZrSi2) were procured from a commercial vendor.
The sputter targets were 76 mm in diameter and 3.2 mm in thickness.
The targets were of 99.5% nominal purity andwith 3.2mm thick copper
backing plates for enhancing thermal conductivity during the deposi-
tion process.

Prior to initiating the coating deposition process in the magnetron
sputter system, the substrateswere subjected to in-situ plasma cleaning
(dc 500W for 5 min under 1.6 Pa argon pressure) to remove any resid-
ual surface contamination and native oxide layer on the surface of the
substrate. Zirconium-silicide coating deposition was performed using
a base pressure of 2.6 × 10−4 Pa. Argon sputter gas pressures were
0.53 Pa and 1.33 Pa with a flow rate of 20 sccm - these parameters
were selected based on previous studies of magnetron sputter deposit-
ed coatings for high-temperature oxidation resistance [11,12]. DC sput-
ter power was 138W. The distance between the sputter target and the
sample stage was 150 mm and the sample stage was rotated at 10 rpm
during the deposition to achieve improved uniformity of the coating.
The depositionwas performed at 19 °C, asmonitored in situ by thermo-
couples, in order to avoid any phase transformations and thermal
stresses in the coatings. In order to investigate the effect of argon pres-
sure and composition of coating on oxidation resistance, the depositions
were performed under conditions listed in Table 1. The coating deposi-
tion for a single step took 150 min, and six steps were performed to
achieve thicker coatings that were also investigated in this study. For
this multiple step deposition, a plasma cleaning step was employed be-
tween the steps to remove any contamination due to interruptions in
the coating process. In addition to Zirc-4 substrates, the coatings were
also deposited on plasma cleaned Si (100) wafers, which were used
for measuring film thickness and observing coating cross-sectional
microstructure.

Isothermal oxidation testswere performed at elevated temperatures
in a commercial furnace (e.g., Lindberg box furnace, model#51442). Ini-
tial studies involved oxidation tests at 700 °C in ambient air for exposure
durations of up to 5 h, with samples being removed each hour for
weight changemeasurements (as an initial measure of the extent of ox-
idation) performed with Satorius micro-precision balance
(model#CPA26P) with 0.002 mg resolution. Annealing of the coatings
was carried out in argon environment to understand high temperature
stability, which then was used to optimize the multi-step thicker coat-
ings. For this, the sampleswere encapsulated in argon back-filled quartz

tube along with pure zirconium granules to reduce residual oxygen gas
during annealing. The thicker coatings produced by multiple tests were
tested for oxidation at 700 °C for 20 h, at 1000 °C for 1 h, and 1200 °C for
10 min. Table 1 summarizes the salient features of this experimental
study.

Surface morphologies and cross sectional microstructure of the as-
deposited, oxidized, and annealed zirconium-silicide coatings were
characterized by Zeiss LEO Scanning ElectronMicroscope (SEM) in con-
junction with Energy Dispersive Analysis System (EDS). Phase identifi-
cation of the coatings was conducted using Bruker D8 Discovery X-ray
diffraction (XRD) system with Cu Kα radiation. Diffraction peaks were
acquired from 30° to 90° with coupled 2θ mode and from 30° to 50° in
2θ with a 2° grazing incident beam. To identify phases in the as-depos-
ited coatings, thin foils of the coatings were prepared by a Zeiss Auriga
Focus Ion Beammilling and imagedwith a Tecnai 12 Transmission Elec-
tron Microscope (TEM). Very near-surface composition and chemical
bonding of phases was evaluated by Thermo-Scientific Kα X-ray Photo-
emission Spectroscopy (XPS). Prior to the binding energy acquisition,
surface cleaning was performed by 3 keV Ar ion source for 30 s under
high vacuum to remove any residual surface contamination.

3. Results and discussion

3.1. As-deposited thin coatings

Elemental composition of the very near surface of the as-deposited
coatings, as analyzed by the XPS, was consistent in trendwith the corre-
sponding target chemistry. Argon gas pressure during the process did
not influence the coating composition. Grazing incident XRD patterns
showed only peaks corresponding to zirconium from the underlying
substrate and no peaks corresponding to the coatings was observed
for any of the coating stoichiometries (Fig. 1).

Surface morphology and cross sectional microstructure of the coat-
ings, were investigated using SEM. The coatings showed uniform and
smooth surface with no indication of spallation. No noticeable differ-
ences in surface topography andmicrostructurewere identified in coat-
ings deposited using the different target compositions. On the other
hand, argon gas pressure influenced microstructure significantly as
shown for example for ZrSi2 in Fig. 2. The ZrSi2#1 coating deposited at
higher argon pressure (i.e., 1.33 Pa) exhibited relatively rougher surface
and showed nanometer scale gaps in themicrostructure (Fig. 2a). Cross-
sectional fracture surfaces of these coatings deposited on Si substrate
showed tapered columnar microstructures which are revealed more
clearly in Fig. 2c. In contrast, the lower argon pressure (i.e., 0.53 Pa),
ZrSi2#2 coating, exhibited short and dense columnar structures with
smoother surface, which are shown in Fig. 2b and d. The observation
is in good agreement with Thornton's model [13,14] suggesting that
the columnar tapered morphology of the films is a result of atomic
shadowing and a low mobility of sputtered atoms on the growing sur-
face at low temperatures. In addition, this morphology would be pro-
moted by increased scattering between argon atoms and target atoms
at higher argon pressures. It is expected that the nanoscale gaps

Table 1
Summary of zirconium silicide coatings deposited and investigated in this study.

Sample ID Target composition Ar pressure (Pa) Deposition rate (nm/min) # of steps Experimental conditions

Zr2Si#1 Zr2Si 1.33 6.12 1 700 °C air for 5 h
ZrSi#1 ZrSi 1.33 5.81 1 700 °C air for 5 h
ZrSi2#1 ZrSi2 1.33 5.39 1 700 °C air for 5 h
Zr2Si#2 Zr2Si 0.53 5.30 1 700 °C air for 5 h 700 °C Ar for 5 h
ZrSi#2 ZrSi 0.53 4.97 1 700 °C air for 5 h 700 °C Ar for 5 h
ZrSi2#2 ZrSi2 0.53 4.80 1 700 °C air for 5 h 700 °C Ar for 5 h
ZrSi2#3 ZrSi2 0.53 4.80 6 700 °C air for 20 h 1000 °C air for 1 h 1200 °C air for 10 min
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