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Effect of a surface oxide-dispersion-strengthened layer on mechanical
strength of zircaloy-4 tubes

Yang-Il Jung*, Dong-Jun Park, Jung-Hwan Park, Hyun-Gil Kim, Jae-Ho Yang,
Yang-Hyun Koo
Nuclear Fuel Safety Research Division, Korea Atomic Energy Research Institute, Daejeon, 34057, Republic of Korea

a r t i c l e i n f o

Article history:
Received 16 October 2017
Received in revised form
28 November 2017
Accepted 1 December 2017
Available online 22 December 2017

Keywords:
Laser Surface Treatment
Microstructure
Oxide Dispersion Strengthened Alloy
Tensile Strength
Zirconium Alloy

a b s t r a c t

An oxide-dispersion-strengthened (ODS) layer was formed on Zircaloy-4 tubes by a laser beam scanning
process to increase mechanical strength. Laser beam was used to scan the yttrium oxide (Y2O3)ecoated
Zircaloy-4 tube to induce the penetration of Y2O3 particles into Zircaloy-4. Laser surface treatment
resulted in the formation of an ODS layer as well as microstructural phase transformation at the surface
of the tube. The mechanical strength of Zircaloy-4 increased with the formation of the ODS layer. The
ring-tensile strength of Zircaloy-4 increased from 790 to 870 MPa at room temperature, from 500 to
575 MPa at 380�C, and from 385 to 470 MPa at 500�C. Strengthening became more effective as the test
temperature increased. It was noted that brittle fracture occurred at room temperature, which was not
observed at elevated temperatures. Resistance to dynamic high-temperature bursting improved. The
burst temperature increased from 760 to 830�C at a heating rate of 5�C/s and internal pressure of
8.3 MPa. The burst opening was also smaller than those in fresh Zircaloy-4 tubes. This method is ex-
pected to enhance the safety of Zr fuel cladding tubes owing to the improvement of their mechanical
properties.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

After the Fukushima accident, with demand for nuclear fuels
having higher safety under normal operation and severe accident
conditions, accident-tolerant fuel claddings are being developed
globally. Zircaloy-4 is a traditional zirconium-based alloy devel-
oped for application in nuclear fuel assembly components. Oxide-
dispersion-strengthened (ODS) zirconium was recently proposed
to increase the strength of the Zr-based alloy at high temperatures
[1e5]. Oxide particles in ODS alloys are thermally stable and
resistant to neutron irradiation. Oxide dispersion strengthening
treatment of Zircaloy-4 is a promising technique for developing fuel
cladding materials with enhanced accident tolerance. Yttrium ox-
ide (Y2O3) is a typical material used in ODS alloys. ODS alloys are
generally manufactured through (i) mechanical alloying of source
metal with oxide powders and (ii) application of consolidation
processes such as hot isostatic pressing, hot extrusion, and spark
plasma sintering. Homogeneous dispersion of oxide particles

during manufacture is a key issue. Laser beameinduced surface
treatment was performed to form an ODS layer at the Zircaloy-4
surface. Surface treatment is advantageous for the uniform distri-
bution of oxide particles and control of their volume fractions.
Surface treatment is directly applicable to final products such as
tubes, strips, and sheets.

An ODS layer can be formed in the Zircaloy-4 surface region by
laser beam treatment. Y2O3 was used as source of oxide particles to
be distributed in the ODS layer. Laser beam scanning (LBS) on Y2O3-
coated Zircaloy-4 tubes caused penetration of Y2O3 particles into
Zircaloy-4. The reason for the high mechanical strength of the ODS
alloy was that the oxide particles interfered with dislocation
movement [6e8]. This was effective even when only a partial ODS
layer was formed. In this study, the formation of an ODS layer along
with increasing mechanical strength was investigated. The effect of
strengthening was evaluated by ring-tension and dynamic high-
temperature burst tests.

2. Materials and methods

Commercially available Zircaloy-4 (Zr-1.5Sn-0.2Fe-0.1Cr, wt.%)
tubes with an outer diameter of 9.5 mm and a wall thickness of
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0.57 mm were used. The as-received microstructure was cold-
worked and stress-relieved. The tubes were cleaned with alcohol
and acetone to remove stains and organic contamination on the
surface and then dried in an oven at 80�C. The process for forming a
surface ODS layer on Zircaloy-4 tubes is illustrated in Fig. 1.

2.1. Y2O3 coating on Zircaloy-4

Using a dip-coating method, Y2O3 was coated on cleaned
Zircaloy-4 tubes. To prepare the dip solution, Y2O3 powder (99.9%,
1 mm, Alfa Aesar, USA) was placed in an agate bowl and mixed with
distilled water containing 10 wt.% polyvinyl alcohol (PVA) as a
binder. The amount of PVAwas 3wt.% of the Y2O3 content. The Y2O3
mixture was diluted with water to a solute concentration of 33.5 g/
ml. The solution was mixed for 24 hours using zirconia balls. The
Zircaloy-4 tubes were sealed with Teflon tape to prevent the so-
lution from entering the tubes. Sealed Zircaloy-4 tubes were
immersed in the solution and slowly drawn out to form a coating
layer. The wet-coated tubes were dried in a vacuum oven at 80�C
for 20 minutes.

2.2. Laser beam scanning

Y2O3-coated Zircaloy-4 tubes were fastened to a rotating fixture
and cooling water was supplied to the inside of the tube to release
heat induced during laser processing. A continuous-wave diode
laser was used in a laser facility (PF-1500F, HBL Co., Korea). The
wavelength of the emitted laser beam was 1064 nm; the beam
diameter was 230 mm. The maximum operating power was 250 W.
The ODS alloy layer was formed at a laser beam power of
180e210 W and scan speed of 10 mm/s. The laser beam was
scanned continuously along the circumferential direction with
overlap distance of 0.4 mm. To prevent oxidation and blow off of
the PVA binder, Ar gas was continuously blown on the sample
surfaces during laser processing. Surface-treated Zircaloy-4 tubes
were finally polished using SiC emery papers of up to 4000 grit to
remove the surface roughness formed during LBS.

2.3. Microstructural observation and mechanical tests

Fabricated samples were cut across the cross-section for
microstructural observation using an optical microscope. Extracted
samples were polished mechanically using SiC emery papers and

etched chemically with 10HFe45HNO3e45H2O (vol.%) solution.
Optical micrographs were obtained in polarization mode. A tension
test and internal-pressurized dynamic high-temperature burst test
were performed to study themechanical properties. For the tension
testing, a ring-type specimen was cut to a length of 3 mm. Tension
tests were performed at room temperature (RT) and at elevated
temperatures (380�C and 500�C) with a cross-head speed of 1 mm/
min using a universal testing machine (Instron 3367, USA). For
burst testing, 400 mm long tube samples were fixed vertically at
the integral loss of coolant accident (LOCA) test facility (see refer-
ences [9,10]). High pressure Ar gas was injected at the top of the
chamber though the tube samples. The internal pressure was
8.3 MPa. The samples were enclosed in a quartz tube that provided
a fixed volume for steam flow and water quench, both of which
were introduced through the bottom. The furnacewas preheated to
300�C within 240 s while stabilizing the steam flow. The samples
were then heated from 300�C to 1200�C at 5�C/s. The tube samples
ballooned and burst during heating. The burst temperature and the
deformation at burst opening were measured.

3. Results and discussion

A laser beamwas used to induce microstructural changes in the
Zr substrate and penetration of oxide particles coated on the sur-
face. Fig. 2 shows cross-sectional microstructures of laser beame-
treated Zircaloy-4 samples. These samples were plate samples,
originally with recrystallized microstructures. LBS on fresh
Zircaloy-4 samples formed a heat affected zone (HAZ) in the surface
region, as shown in Fig. 2A. A single scan of a laser-beam at 180 W
produced HAZ with a parabolic shape of ~800 mm width and
~300 mm depth. Wavy patterns were obtained after multiple scans
of LBS with a certain overlapping distance. In the case of LBS on
Y2O3-coated Zircaloy-4 (shown in Fig. 2B), a dispersed oxide layer
of thickness ~130 mmwas observed in the surface region. Below the
ODS layer, an HAZ about 270 mm thick also developed. The HAZ was
an indication of microstructural phase transformation due to the
laser beam's thermal energy.

Phase transition from alpha to beta (during heating) and back to
alpha (during cooling) occurs in zirconium. Martensite is formed
athermally during phase transition from beta to alpha; this is a
typical microstructure of beta-quenched Zr-based alloys [11e13].
The cooling rate is an important parameter in the formation of
martensite. As the cooling rate decreased, the lath of martensite

Fig. 1. Fabrication process for forming a surface ODS layer on Zircaloy-4 tube using a laser beam. The three images represent the coating of Y2O3 on Zircaloy-4 tubes, laser beam
scanning, and surface polishing.
ODS, oxide-dispersion-strengthened.

Y.-I. Jung et al. / Nuclear Engineering and Technology 50 (2018) 218e222 219



became larger and formed Widmanstatten structures (thermal)
rather than martensite (athermal). Samples were cooled using
flowing coolant water on the reverse sides of the substrates and Ar
gas blowing over the surfaces. Cooling of the samples was achieved
fast, as a result of which the martensite structure easily formed.
There was a possibility of the formation of a mixture of martensite
and Widmanstatten structure in the middle as the samples un-
derwent slow cooling.

The ODS microstructure formed in tube samples was similar to
that obtained in plate samples. Fig. 3 shows the cross-sectional
microstructure of the Zircaloy-4 tube with a surface ODS layer.
The developed ODS layer can be clearly distinguished from the base
material in optical micrographs. A detailed analysis of the micro-
structures of the ODS layer can be found in our previous report [5].

The purpose of ODS alloying was to increase the mechanical
strength of Zircaloy-4 at high temperatures. We conducted tension
testing at RT and elevated temperatures of 380�C and 500�C. Ring-
type test specimensweremachined from tubular samples and fixed

to tensile jigs, as shown in Fig. 4. Three kinds of samplesdfresh
Zircaloy-4, LBS samples, and ODS samplesdwere compared for
their tensile strengths. LBS samples were those that were laser
beametreated without ODS layers: only HAZ was formed in the
Zircaloy-4 surface region.

Fig. 5 shows stressestrain curves for fresh, LBS, and ODS
Zircaloy-4 samples during ring tension tests. Tests were performed
at RT (Fig. 5A) and elevated temperatures of 380�C (Fig. 5B) and
500�C (Fig. 5C). Tensile stress was calculated by dividing the
applied load by the cross-sectional area. In the test at RT (shown in
Fig. 5A), the ultimate tensile strength of fresh Zircaloy-4 was about
790 MPa. When Zircaloy-4 was scanned with the laser beam (LBS
samples), the tensile strength increased to about 840 MPa.
Martensitic phase transformation was the reason for the increases
in the strengths of the LBS samples. However, the strengthening by
the LBS process was not significant (about 6% increase). ODS sam-
ples exhibited tensile strength higher than those of fresh and LBS
Zircaloy-4 samples. The tensile strengths of the ODS Zircaloy-4
samples were about 870 MPa. Tensile elongation, on the contrary,
decreased dramatically, showing an abrupt drop in the applied
tensile load.

Strengthening of Zircaloy-4 by the ODS layer was effective at
elevated temperatures. Fig. 5B shows stressestrain curves of tensile
samples tested at 380�C. The ultimate tensile strength of fresh

Fig. 2. Cross-sectional microstructures of Zircaloy-4 samples. (A) Showing the heat-affected zone (HAZ) formed by laser beam scanning (LBS) on fresh Zircaloy-4. (B) Showing the
ODS layer along with HAZ formed by LBS on Y2O3-coated Zircaloy-4.
ODS, oxide-dispersion-strengthened.

Fig. 3. Cross-sectional microstructures of ODS Zircaloy-4 samples along the circum-
ferential direction of the tube showing the ODS layer at the surface.
ODS, oxide-dispersion-strengthened.

Zircaloy-4 
ring-type
specimen

Sample
fixture 3

φ = 9.5
t = 0.57

Dimensions [mm]

Fig. 4. Schematic illustration of sample fixture and specimen dimensions for ring
tension test.
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Zircaloy-4 was about 500 MPa. ODS samples exhibited tensile
strengths of about 575 MPa, which was about 15% greater than that
of fresh Zircaloy-4. Elongation did not lead to stress drop or dra-
matic decrease, both of which were observed in the test at RT
(Fig. 5A). Variation in stressestrain curves of LBS samples was
similar to those of ODS samples. However, the ultimate tensile
strength was similar to those of fresh Zircaloy-4 samples. The effect
of martensitic phase transformation on strengthening was not
noticeable at elevated temperatures. It was observed only that
there was a minor hardening effect after necking of the samples.
This marginal effect is considered to have occurred because of
microstructural similarities between the martensitic phase trans-
formation and cold-worked stress-relieved substrate.

Strengthening by ODS treatment becamemore significant as the
test temperature increased to 500�C. Fig. 5C shows stressestrain
curves of tensile samples tested at 500�C. The ultimate tensile
strength of fresh Zircaloy-4 was about 385 MPa at 500�C. The
strength of Zircaloy-4 increased to about 470 MPa (more than 20%
increase) with the formation of an ODS layer. Tensile elongation of

ODS samples was about 1.2 mm, which was comparable to that of
fresh Zircaloy-4 (1.6 mm).

Fig. 6 shows test samples after tensile testing at RT, 380�C, and
500�C. Fracture morphologies of the ring tensile specimens of fresh
and ODS Zircaloy-4 were quite different. Fresh Zircaloy-4 fractured
in a ductile manner in which necking and shear slipping occurred.
On the other hand, brittle fractures were observed in the ODS
Zircaloy-4 samples. The fractured samples appeared slightly
different at different test temperatures. Brittle fracture without
plastic deformationwas observed at RT. A little necking occurred at
elevated temperatures. This accounted for the increased tensile
elongation of the ODS samples at 380�C (Fig. 5B) and 500�C (Fig. 5C)
relative to RT (Fig. 5A).

LOCA is a representative design-basis accident. If the reactor
coolant water blows down from the reactor vessel for any reason, Zr
cladding tubes are heated and mechanically deformed. Cladding
tubes balloon and burst during LOCA due to rise in internal pressure
and temperature. The behaviors of ballooning and bursting were
investigated in ODS Zircaloy-4 tubes. A dynamic high-temperature
burst was examined using the integral LOCA test facility shown in
Fig. 7. While applying an internal pressure of 8.3 MPa, test samples
of fresh and ODS Zircaloy-4 tubes were heated to 1200�C at a rate of
5�C/s. Burst occurred at 760�C in the fresh Zircaloy-4 and at 830�C
in ODS Zircaloy-4 samples. The burst temperature of the ODS
samples increased by 70�C. Deformation at the burst opening was
smaller in ODS samples than in fresh Zircaloy-4 samples. Increased
resistance to ballooning and bursting was noticeable with ODS
treatment. Reduced deformation is desirable for securing a coolable
geometry after LOCA.

Zircaloy-4 is used in fuel cladding tubes at a high use temper-
ature of 300e400�C. The mechanical strength of Zircaloy-4
increased with the formation of an ODS layer. Improved mechani-
cal properties were revealed with the incorporation of a few de-
grees of plastic deformation at elevated temperatures. The accident
tolerance of Zr-based fuel cladding tubes was expected to be
enhanced by the material's high resistance to ballooning and
bursting. Several issues such as corrosion and interfacial integrity
under neutron irradiation remain to be solved before the applica-
tion of ODS treatment to commercial Zircaloy-4 tubes. It may be
possible to achieve corrosion resistance by additional surface
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Fig. 5. Stressestrain curves of fresh, LBS, and ODS Zircaloy-4 samples in ring tensile
tests. (A) At room temperature (RT). (B) At 380�C. (C) At 500�C [5].
LBS, laser beam scanning; ODS, oxide-dispersion-strengthened.

Z

Fig. 6. Appearance of fresh and ODS Zircaloy-4 samples after ring tensile tests at
various temperatures.
ODS, oxide-dispersion-strengthened.
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coating of ODS Zircaloy-4 tubes with protective materials. Neutron
irradiation tests are in progress to investigate the integrity and
stability of heterointerfaces. ODS Zircaloy-4 is promising material
for deployment in nuclear power plants because of its mechanical
properties at high temperatures.

4. Conclusions

ODS layers were formed in the surface regions of Zircaloy-4
tubes by laser beam scanning. The mechanical strength of
Zircaloy-4 increased with the formation of an ODS layer. At RT, the
tensile strength of fresh Zircaloy-4 increased from 790 to 870 MPa.
The strengthening was more effective at the elevated temperatures
at which Zircaloy-4 tubes are used in nuclear power plants.

Increase in strength was 15e20% without the severe brittle failure
observed at RT. Resistance to dynamic high-temperature bursting
also improved, revealing a high burst temperature and small burst
opening. Laser ODS treatment enhanced the accident tolerance of
current Zr-based fuel cladding tubes.
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