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Recycling Zr-Nb-Sn-Fe Scrap in Casting of Nuclear-Grade
Alloy Ingots and Its Effects on Mechanical Performance
and Integrity

Jae Sook Song and Sun Ig Hong

Abstract—Recycling of Zr-Nb-Sn-Fe scraps in casting
enhances the price competitiveness of nuclear-grade Zr alloys
and accordingly the energy from nuclear power plants.
Increasing the fraction of scrap in casting of new alloy ingots
increases the price competitiveness, but it aggravates the
deformability and mechanical reliability of cast alloys. In this
study, the effect of scrap ratio on the mechanical reliability of
Zr-Nb-Sn-Fe alloys was studied. The increase of scrap fraction
in casting increases the oxygen content in the ingot and nuclear
claddings fabricated from cast ingots. The increase of oxygen
content is caused by the surface oxide of scraps such as small
pieces of turning, chips, etc. Iron content was not found to
increase appreciably with the increasing fraction of scrap
because scraps were well kept in the iron-free container. The
microstructure of ss-cast Zr alloy with increasing fraction of
scraps displayed plate/or needle a phase and the
microstructural features were observed to be affected by
increase of scrap fraction. The strength increases with
increasing fraction of scrap, which can be attributed to the
increase of oxygen content. The ductility decreased slightly with
increase of scrap fraction. The strength increased at the expense
of ductility with increase of scrap fraction. In some ingots, iron
oxide flakes were intentionally added to explore the effects of
iron oxide which may be added from the scarp storage
container. The alloys with the addition of iron oxide flakes
exhibited the drastic decrease of the formability and exhibited
the brittle fracture behavior during rolling. The increase of
oxide fraction increased the oxidation resistance because of high
oxygen content the matrix may have prevented oxygen diffusion
into matrix.

Index Terms—Zr-Nb-Sn-Fe, scrap, recycling, nuclear energy,
oxygen, ductility.

I. INTRODUCTION

In the nuclear energy industry, components and parts made
of nuclear-grade zirconium based alloys are allowed and
employed in the fabrication of fuel assemblies used in the
design and construction of the vast majority of currently
operating nuclear reactors and those under construction, and
planned around the world [1]. The number of nuclear power
reactors increases to varying degrees in many countries all
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over the world. And the ways to lower the costs of
nuclear-grade Zr alloys have been explored and some
problems regarding the international supply chain of nuclear
fuel materials and components have surfaced. The supply of
price-competitive nuclear-grade zirconium alloys coupled
with scrap recycling to enhance the price-competitiveness
over other energy sources needs to be evaluated with high
level of the scrutiny.

Recycling provides environmental benefits in terms of
energy savings, reduced volumes of waste, and reduced
emissions associated with energy savings and a significant
factor in the supply of many of the metals used in our society
[2]. Recycling practices and the description of those practices
vary substantially among the metal industries. Generally,
scrap is categorized as ‘“new” or “old,” where ‘“new”
indicates pre-consumer sources, and “old” suggests
postconsumer sources. The many stages of industrial
processing that precede an end-product are the sources of
new scrap. Zirconium scrap composes about 30% to 35% of
the feedstock for ingot production [1]. New scrap is
generated during the melting, forging, rolling, casting, and
fabrication of zirconium components. In addition, small
quantities of obsolete or old scrap are recycled from
dismantled process equipment, vessels, and heat exchangers.
Although no data are available as to the percentage
breakdown of sources of scrap, it is estimated that less than
2% of ingot production is derived from old scrap.

Prior to melting, scrap must be analyzed, classified, and
processed to remove impurities [1] to ensure the materials
performance reliability after recycling. Several companies
have proprietary processes to accomplish this task to
minimize the possible contamination. Scrap is initially
melted without virgin metal by some nuclear-grade
zirconium ingot producers, using vacuum-arc-reduction
melting practices. The scrap zirconium is blended with new
zirconium metal produced from the processing of the
zirconium silicate mineral, zircon. The supply of
nuclear-grade zirconium alloys coupled with scrap recycling
to enhance the price-competitiveness over other energy
sources needs to be evaluated for the growth of nuclear
energy industry. In order to ensure the price competitiveness,
scrap from nuclear-grade Zr alloys and components should
be mixed with the new nuclear-grade Zr sponge for arc
melting. Zr-Nb-Sn-Fe are of the most advanced and reliable
nuclear cladding alloys [3]-[10] in the nuclear industry. In
this study, the effect of scrap ratio on the mechanical and
corrosion properties of Zr-1Nb-0.7Sn-0.1Fe alloy was
studied.
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Collected Zr alloy turnings, chips and pieces left from
machining and manufacturing Zr-1Nb-0.7Sn-0.1Fe tubes and
parts were cleaned by alchohol, acetone and acid to remove
greases, oils, dirt and oxide films. New Zr-1Nb-0.7Sn-0.1Fe
alloy ingots were cast by vacuum arc melting the cake-shaped
mixture of pieces of scrap and sponge with scrap:sponge ratio
of 1:9, 3:7, 5:5 and 7:3. Since scrap was formed during
machining and manufacturing parts, it is more likely to be
coated by oxide, they are likely to have more oxide films
because of heating during machining and a large surface to
volume ratio. In Table I, target alloy compositions and scarp:
sponge ratio used for casting is summarized. Oxide
contamination of scrap may increase the oxide content in
newly cast alloy after remelting, which may deteriorate the
properties. Some scrap cake was mixed with Fe,O; particle to
investigate the possible inclusion of iron oxide from steel
storage containers during storage and handling of scrap [11].
In order to investigate the possible effects of impurities
introduced from the scrap, some model alloys without scrap
addition were cast with the intentional addition Fe and Fe,O4
to simulate and examine the most probable impurities of Fe
and O. In Table Il, the chemical compositions of model alloy
with intentional addition of Fe and Fe,Os; in the present study
are summarized.

EXPERIMENTAL

TABLE I: TARGET COMPOSITION AND ZR SCRAP: ZR SPONGE RATIOS FOR
ZR ALLOYS IN THIS STUDY

scrap:sponge ratio scrap
Zr-1Nb-1Sn-0.1Fe 10:90 ZIRLO
Zr-1Nb-1Sn-0.1Fe 30:70 ZIRLO
Zr-1Nb-1Sn-0.1Fe 50:50 ZIRLO
Zr-1Nb-1Sn-0.1Fe 70:30 ZIRLO
Zr-1Nb-0.7Sn-0.1Fe 10:90 ZIRLO
Zr-1Nb-0.7Sn-0.1Fe 30:70 ZIRLO
Zr-1Nb-0.7Sn-0.1Fe 50:50 ZIRLO
Zr-1Nb-0.7Sn-0.1Fe 70:30 ZIRLO

TABLE II: CHEMICAL COMPOSITION OF MODEL ALLOYS WITH INTENTIONAL
ADDITION OF FE AND FE;O3 (WT%)

Ingot number Zr Nb Fe Fe,05
1 bal. 12 0.2

2 bal. 1.2 0.3

3 bal. 1.2 0.28
4 bal. 1.2 0.43

The mixture of scrap and sponge pieces was compacted
into scrap cake using a high-pressure press at room
temperature. The scrap cake was mixed with Zr sponge and
other alloying elements before being pressed. The ingot
cakes were annealed, B-quenched (from 1095 °C to water
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maintained at room temperature), hot-rolled at 580 °C
annealed at 600 °C and cold-rolled with an intermediate heat
treatment at 600 °C. Cold-rolled specimens cut parallel to the
rolling axis tensile-tested using a united testing machine (SFP
10). Oxidation tests were carried out in a chamber with
de-mineralized water at 400 °C under the pressure of 103 bar
for 15 days.

1. RESULT AND DISCUSSION

Fig. 1(a) and 1(b) display the typical shape of compressed
Zr sponge-scrap cake (a) and ingot cake(b) prepared in this
study. Impurity contents of four Zr-1Nb-0.7Sn-0.1Fe alloys
are summarized in Table. I. As shown in Table I, the oxygen
content in the ingot cake increased rapidly with increasing
fraction of scrap. The increase of oxygen content can be
attributed to the surface oxide of scrap cake made of small
pieces of turning, chips, etc. Iron contents in the ingot with
the addition of Fe,O; particles increased appreciably,
suggesting the reduction of Fe,O3 by Zr and dissolution of
oxygen and iron into the matrix. Contents of alloying
elements and oxygen in each ingot are summarized in Table
1.
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Fig. 1. Typical shape of compressed Zr sponge-scrap mixture cake (a) and
ingot cake(b) prepared in this study.

TABLE Ill;: CHEMICAL COMPOSITION OF SPECIMENS, WT% (*MG/G)

Zr Nb Fe O (ppm)
Zr-1.2Nb-0.2Fe Bal. 1.20 0.212 *1090
Zr-1.2Nb-0.3Fe Bal. 121 0.298 *1283
Zr-1.2Nb-0.28Fe203 Bal. 121 0.251 *1996
Zr-1.2Nb-0.43Fe203 Bal. 121 0.332 *3157

Fig. 2 shows the as-cast structure of Zr-1.2Nb-0.2Fe (a),
Zr-1.2Nb-0.3Fe (b), Zr-1.2Nb-0.28Fe,0; (o),
Zr-1.2Nb-0.43Fe,0; (d) cast with the intentional addition of
Fe or Fe,Os. In alloys with intentional Fe addition,
plate-shaped o phase was observed whereas needle-shaped a
phase was observed in alloys with Fe,O; addition. The
thickness of plate-shaped a phase in alloys with Fe addition
was 8-10 um whereas the thickness of needle-shaped o phase
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in alloys with Fe,O3 addition was observed to be 2-3 um. The
change of shapes of a phase is likely to be associated with the
oxygen content in the alloys. The oxygen contents in alloys
with Fe addition was 1000-1300 ppm and those in alloys with
Fe,O5 addition was 1990~3200ppm as shown in Table IlI.
The thickness of needle-shaped a phase also decreased with
increase of oxygen content as shown in Fig. 1(c) and 1(d).
The addition oxygen is known to increase the stability of
hexagonal o phase, causing the reduction of the thickness due
to enhanced nucleation of a phase [8]-[10]. Interstitial atoms
such as oxygen [8]-[10] and carbon [11], [12] are known to
increase the strength of Ti and Zr, but it decreases the
deformability and ductility if the oxygen content exceeds
1800 ppm [13]-[15].

In order to evaluate the effect of impurities on the hardness
of ingots, the microhardness of ingots with Fe or Fe,O3 was
measured and summarized in Table I1V. The hardness values
were measured to be 153.1 Hv and 167.8 Hv for
Zr-1.2Nb-0.2Fe and Zr-1.2Nb-0.3Fe, respectively. And the
hardness values were measured to be 186.9 Hv and 214.7 Hv
for  Zr-1.2Nb-0.28Fe,O; and  Zr-1.2Nb-0.43Fe,0s,
respectively. It is apparent that the hardness increased with
increase of iron and oxygen as shown in Table IV. The more
rapid increase of hardness in Fe,O5 containing alloy is due to
the presence of both oxygen and iron due to the reduction of
Fe,0,.

Fig. 3 displays Zr-1.2Nb-0.2Fe (a) Zr-1.2Nb-0.3Fe (b)
Zr-1.2Nb-0.28Fe,0; (c) Zr-1.2Nb-0.43Fe,0; (d) ingots
processed by hot rolling. As shown in Fig. 1(a),
Zr-1.2Nb-0.2Fe was rolled to 1 mm in thickness without
cracking. In Zr-1.2Nb-0.3Fe, edge crack started to propagate
at the reduction ratio of 25%. In Zr-1.2Nb-0.28Fe,05, and
Zr-1.2Nb-0.43Fe,05, cracks appeared in the first pass of
rolling. Fig. 3 clearly shows that the deformability of Zr
alloys decreased with the addition Fe and Fe,Os.

20pm

Fig. 2. Microstructures of the Zr alloys; a) Zr-1.2Nb-0.2Fe, b)
Zr-1.2Nb-0.3Fe, c) Zr-1.2Nb-0.28Fe203, d) Zr-1.2Nb-0.43Fe,0;.

TABLE IV: MICROHARDNESS OF THE ZR ALLOYS WITH FE OR FE,O3

ADDITION
Hardness (Hv)
Zr-1.2Nb-0.2Fe 153.1.
Zr-1.2Nb-0.3Fe 167.8.
Zr-1.2Nb-0.28Fe203 186.9
Zr-1.2Nb-0.43Fe203 2147

In Fig. 4, SEM micrograph of the fracture surface and EDS

spectra from the crack initiation site are exhibited. The
fracture surface shows the typical cleavage fracture with river
patterns. In general, the ductility decreases rapidly if the
oxygen content exceeds 1800 ppm. In case the oxygen
content exceeds 3000 ppm, the brittle facture typically occurs
as shown in Fig. 4. The higher oxygen content revealed by
EDS spectra from crack initiation site suggests that the higher
oxygen content due to the reduction of Fe,O3 by Zr and
dissolution of oxygen into matrix is responsible for the low
deformability

Fig. 3. Zr alloy ingots processed by hot rolling. ) Zr-1.2Nb-0.2Fe, b)
Zr-1.2Nb-0.3Fe, c¢) Zr-1.2Nb-0.28Fe203, d) Zr-1.2Nb-0.43Fe,0s5.
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Fig. 4. Fractograph and EDX spectrum from crack initiation site of cracked
Zr-1.2Nb-0.28Fe,0; alloy during rolling.

Fig. 5 displays the stress-strain responses of cold-rolled(a)
and annealed (b) Zr-1Nb-0.7Sn-0.1Fe alloy with the
scrap:sponge ratios of 3:7, 5:5 and 7:3. It is interesting to note
that the strength increases with increasing fraction of scrap,
which can be attributed to the increase of oxygen content [11],
[12]. The ductility decreased slightly with increase of scrap
fraction. With annealing at 465 °C, the strength decreased
and the ductility increased. Oxygen is known to impede the
motion of dislocations and thereby increases the strength and
decreases the ductility.
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One of the major current challenges in the nuclear energy
industry lies in reducing maintenance and fuel cycle costs,
while enhancing safety features [16], [17]. For application of
Zr alloys cast with nuclear grade scrap, the strict controls of
surface contamination by oxide and inclusion of iron oxide
from scrap container are important [18]. The increase of
oxygen content and oxide particles may deteriorate the
deformability of Zr alloy ingots while they are processed into
nuclear cladding tubes [14], [19]. The Zr alloy cladding
tube’s in-reactor behaviors such as mechanical strength and
creep and irradiation-induced growth are mainly controlled
by its alloying elements and impurities including oxygen and
heat treatment conditions applied in the tubing processing
[20], [21]. In the future works, the effects of alloying
elements and particles on the tubing processing and creep
properties [17], [19], [22]-[25] will be investigated for the
safe application of nuclear fuel cladding tubes processed with
Zr alloy ingots cast with nuclear grade scraps.
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Fig. 5. Stress-strain curves of cold-rolled(a) and annealed(b) Zr alloys with

scrap:sponge ratios of 3:7, 5:5 and 7:3.
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IV. CONCLUSION

In this study, the effect of the addition of Fe and Fe,O3 on
the microstructure and deformability was studied and
compared to the effect of scrap ratio on the mechanical
properties of Zr-Nb-Sn-Fe alloys. As a result of this study,
the following conclusions were made;

1) In alloys with intentional Fe addition, plate-shaped a
phase was observed whereas needle-shaped a phase was
observed in alloys with Fe,O5 addition. The thickness of
plate-shaped o phase in alloys with Fe addition was 8-10
pum whereas the thickness of needle-shaped o phase in
alloys with Fe,O; addition was observed to be 2-3 pm.
The change of shapes of a phase is likely to be associated
with the oxygen content in the alloys.

The hardness increased with increase of iron and oxygen
in alloys with Fe and/or Fe,Os. The more rapid increase of
hardness in Fe,O3 containing alloy is due to the presence
of both oxygen and iron due to the reduction of Fe,0;

2)
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3) Oxygen content in the Zr alloy ingots increased rapidly
with increasing fraction of scrap, which can be attributed
to the surface oxide of scrap cake consisting of small
pieces of turning, chips, etc. Iron content was not changed
appreciably.

The fracture surface shows the typical cleavage fracture
with river patterns. In general, the ductility decreases
rapidly if the oxygen content exceeds 1800 ppm. In case
the oxygen content exceeds 3000 ppm, the brittle facture
typically occurred.

The strength increases with increasing fraction of scrap,
which can be attributed to the increase of oxygen content.
The ductility decreased slightly with increase of scrap
fraction.

4)

5)
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