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ABSTRACT

The pressurized water reactor (PWR) employs UO, pellets as nuclear fuel, which are packed
in zirconium alloy tubes called nuclear fuel cladding. In the manufacture of the nuclear
fuel, machining scraps are generated which are not easily discarded as scraps because of
its high cost. These zirconium nuclear alloys are very costly and are not produced in Brazil.
In this work, novel methods to recycle Zircaloy scraps using vacuum induction melting and
electron beam furnaces were used to obtain ingots. The cast ingots were subjected to ther-
mal treatments and then chemically analyzed, followed by microstructural characterization,
mechanical properties evaluation, and X-ray diffraction. The results indicated the feasibility
of the processes for obtaining alloys for application in the nuclear area, chemical industry

or materials for biological applications such as dental prostheses.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Zircaloy scraps are a valuable source of recycled zir-
conium, as the Zr metal is the major alloy constituent, with
potential value estimated at US $ 78/kg [3-5]. These scraps also

The nuclear reactor core is comprised of a set of tubes within
which are placed the UO, pellets and are called fuel element.
They are closed at the ends by plug, being produced from mas-
sive bars on mechanical lathes, generating large quantities of
machining scraps. Both the tube and the cap can be made of
Zircaloy-4 (Zry-4). In the Table 1 the typical composition of the
Zry-4 alloy used for nuclear fuels is shown [1,2].

* Corresponding author.
E-mail: luiz.atp@uol.com.br (L.A. Pereira).
https://doi.org/10.1016/j.jmrt.2020.03.006

have the advantage that Zircaloy is a nuclear grade alloy free
from hafnium [1]. Brazil dominates the cycle of nuclear fuel,
except for Zircaloy’s tubes and bars, which are imported. The
price of Zry is determined by global suppliers, and often sup-
ply depends on the world scenario of nuclear energy, as each
country preserves its own nuclear technology.

The intent of this work is to study the recycling of Zry-4
from machining scraps for nuclear, chemical, or biomedical
applications and engineering components [6], since the mate-
rial cannot be discarded for economic and safety reasons due

2238-7854/© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Table 1 - Typical nominal chemical composition of Zircaloy-4 alloy [1,2].

Element (% mass) Sn Fe

Cr (0] Hf Zr

Zircaloy-4 1.2-1.7 0.18-0.24

0.07-0.13 0.12

<1000 ppm balance

to the pyrophoric characteristics of the material. This can
reduce costs in the manufacture of fuel rods and the adop-
tion of cleaner technology, being a recycling process with the
reuse of material. This work will also study the behavior of
these scraps in melting processes, especially vacuum induc-
tion melting and provide knowledge for the installation of
this type of equipment in the Institute of Energy and Nuclear
Research (IPEN). Finally this work aims to propose a means of
reducing the volume of Zircaloy scraps currently stored in the
Nuclear Industries of Brazil (INB). This volume can potentially
be reduced by about 30 times, releasing factory storage area.

The means to achieve these objectives were: a) melting of
the scraps using two types of furnaces: electron beam and
vacuum induction; b) heat treatment to modify as-cast struc-
ture and improve the mechanical properties of the material; c)
microstructural characterization, mechanical properties and
X-ray diffraction — XRD evaluation.

The electron beam (EB) melting occurs by the generation of
an electron beam in an generator, the beam being obtained by
the emission of free electrons and their subsequent acceler-
ation under an electrostatic field [7]. When the beam collides
with the material to be processed, the kinetic energy of the
electrons is deposited into the target, converting beam energy
into bulk thermal energy, leading to melting [8]. The vac-
uum induction melting (VIM) is carried out by electromagnetic
induction heating using a variable magnetic field to induce
Eddy currents in the material to be heated. These currents
are dissipated, leading to heating in the material. This pro-
cess is only suitable for electrically conductive materials such
as metals. This current is supplied by the induction genera-
tor which, in turn, generates a surface current in the material
by means of electromagnetic induction [9]. Thus, the heat-
ing is generated by the vibration and friction of the atoms in
the magnetic material through the alternating flow of electric
current [10,11].

The heat treatment was carried out to verify the influence
of the thermal processing on the mechanical and microstruc-

tural properties, since several studies [12-14] have shown
changes in mechanical strength due to the behavior of the
alpha () and beta (B) phases and microstructural features
such as second phase precipitates (SPP) or intermetallics.

At 865 °C, Zr undergoes an allotropic transformation from
the low temperature hexagonal close packed phase (« phase)
to body centered cubic (8 phase). On cooling, the transforma-
tion is either martensitic or bainitic, depending on the cooling
rate, with a strong epitaxy of the « platelets on the old p grains
[14,15]. Homogenizing in the beta range causes the alloying
elements in second phase particles to dissolve completely
in the beta matrix, and the grains grow significantly. Upon
quenching, the g grains transform to « needles with separa-
tion of the B stabilizing elements to the grain boundaries. As
the beta grains cool down, depending on the conditions and
the simultaneous growth of the variants orientation relation-
ship lead to the basketweave structure, where the plates cross
each other. Another structure’s morphology is the parallel-
plate, whose structure is composed of a number of long plates
and grows from the parent B-grain boundaries. Both of them
are called Widmanstétten structure [16], shown in the Fig. 1. It
is attributed this difference to the presence of randomly dis-
persed second phase particles which can to nucleate the «
phase plates and to produce a basketweave structure [17].

In the case of Zircaloy, it is possible to find compounds of
the Zr-Cr-Fe type with rectangular or spherical morphology in
a hexagonal crystal structure (type ZrCr;). This compounds
appear in Zry-4 and are small precipitates (less than 0.5 pm in
diameter) of the intermetallic Zr(Fe,Cr), Laves phase (structure
C14) [18,19].

The presence of extrinsic elements in the alloy affect the
stability of the « and B phases. Oxygen, nitrogen, carbon and
tin are a-phase stabilizers, while iron and chromium are -
phase stabilizers. At room temperature, the alloys consist of a
matrix of a-Zr and the solid solution of the alloying elements
[15]. The B-quenching results in a solid solution of supersatu-
rated a-Zr in the martensitic form. If the cooling rate is high

§E 1S

Fig. 1 - Microstructures of Zircaloy-4 showing the Widmanstitten morphologies: (a) basketweave structure; (b) parallel plate

structure [17].
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Fig. 2 - Isothermal time-transformation diagram for
Zircaloy-2 [13].

enough, it is possible to obtain this structure without sec-
ondary phases. Otherwise, precipitation of intermetallics may
occur (30 s at 820 °C), as shown in Fig. 2.

A Zry-2 time-temperature transformation diagram (TTT
diagram) is shown because the Zry-4 diagram was not avail-
able in the researched literature. Since the heat treatment
is carried out at a relatively high temperature, the material
is subject to oxidation [20]. Traces of oxygen and nitrogen
present in the metal greatly affect the rate of oxidation. In
the study done by Baek [21] on the oxidation kinetics of Zry-
4 between 700 °C and 1200 °C through thermal gravimetric
analysis TGA, it was found the growth of alloy grains and the
formation of micro cracks, which can affect the mechanical
properties of the material [22] and then the alloy must be pro-
tected with controlled atmosphere in order not to harm the
mechanical properties, as it will be seen in item 2.1.

2. Materials and methods

Before melting, the Zry-4 scraps were prepared as follows and
the next subject describes the methods used in this work.

2.1.  Melting

2.1.1. Conditioning of Zry-4 scraps

The treatment consisted of an initial stage of cleaning (wash-
ing, degreasing and pickling), followed by the compaction of
the machining scraps into briquettes [23] for the melting pur-
poses.

2.1.2. Melting

For the EB melting, the used equipment was regulated to 11
kV and 0.3 A to the electron beam established under 6 x 10~
Torr vacuum, having been charged with 220 g of compacted
Zry-4 scraps. An as-cast button was melted with 66 mm diam-
eter and 14 mm thickness. A graphite crucible was used in
the melting of the Zircaloy scraps by VIM, where 450 g of bri-
quettes were loaded. The temperature reached was 1824 °C,
which melted the load and gave rise to a button 60 mm in
diameter and 20 mm in height. The vacuum applied was 7 x
10~ Torr. Melting in this method lasted about 50 min, while
in the former it was faster (approximately 5 min).

2.1.3. Specimens preparation

The tensile test specimens were prepared in the sub-size scale
(ASTM standard [24]). From the billet melted using electron
beam, it was obtained cylindrical bars (4 mm diameter) by wire
electro erosion and then 2.5 mm cylindrical specimens were
lathe machined. In the induction cast button, blades were cut
(1 mm thickness) by diamond discs in a precision cutter, being
machined prismatic specimens 4 mm large. These specimens
are shown in the Fig. 3. As it was mentioned previously, in
order to avoid oxidation during the heat treatment, the spec-
imens were encapsulated in quartz tubes with a vacuum of
220 Torr.

2.1.4. Heat treatment

The heat treatment consisted of two stages. First, 4 test encap-
sulated specimens were subjected to heating (10 °C per minute
ramp) to 950 °C, maintained for 2 h. Three specimens were
rapidly cooled in water (quenching), i.e., they were withdrawn
from the furnace and the encapsulation being broken imme-
diately inside the water. The fourth specimen was kept in
the furnace for slow cooling (annealing). In the second step,
2 quenched specimens were re-encapsulated. They were then
placed in the furnace initially set at 500 °C for 1 h, and then it

Fig. 3 - Cylindrical and prismatic specimens encapsulated in quartz glass for heat treatment.
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Table 2 - Results of chemical and gaseous analysis of electron beam (EB) and vacuum induction (VIM) samples.

Element (% mass) Scraps Sample EB Sample VIM Specif. Zry-4 [2]
Zr Balance Balance Balance Balance

Sn 1.246 £ 0.10 1.00 + 0.03 0.93 £ 0.04 1.20-1.70

Fe 0.213 £ 0.03 0.14 £ 0.01 0.20 £ 0.01 0.18-0.24

Cr 0.080 + 0.01 0.08 £ 0.04 0.16 £ 0.02 0.07-0.13

Hf (0.480 + 0.06) x10~2 0.01 + 0.00 0.13 £ 0.04 <0.1

H (ppm) 57 11 16 <25

N (ppm) 1299 50 750 <80

O (ppm) Nd 1640 2030 =

C (%) 0.16 0.02 0.16 <0.27

Nd, not determined; *, not available.

Table 3 — Mechanical properties of the zirconium alloys obtained by the EB and VIM methods.

Heat treatment UTS obtained (MPa)

Elongation obtained (%)

UTS ASTM (MPa) [2] Elongation ASTM (%) [2]

Melting by electron beam

Annealing 562 12.9
Quenching nd 13.3
Aging 500 °C 662 14.2
Aging 700 °C 357 nd
Melting by vacuum induction

Annealing 566 13.8
Quenching 701 11.2
Aging 500 °C 414 16.0
Aging 700 °C 666 14.4

385 18

385 18

nd, not determined; -, not specified.

was removed and subjected to air cooling (aging). The furnace
controller was then set to 700 °C, also with a 1-h threshold,
when the second specimen was removed for cooling in the
air.

2.2. Chemical, mechanical and microstructural
characterization
2.2.1. Chemical analysis

The chemical composition of the samples was determined
by the energy dispersive X-ray fluorescence spectrometry
(EDXRFS) technique [25]). The chemical analysis was per-
formed using the inert gas technique as an elemental analyzer.

2.2.2. Tensile testing

For the cylindrical specimens, two adapters were threaded in
the upper and lower grips, whose load (kgf) and displacement
(mm) data were recorded on the machine computer. In the
case of prismatic specimens, a machine containing appropri-
ate grips was used, whose program converted the data into
tension (MPa) and elongation (%), applying a 0.5 mm/min rate
in the crossbar displacement.

2.2.3. Hardness testing

Hardness measurements were performed on a 100 kgf load
durometer on the Rockwell B scale (HRg). Measurements were
made in three regions, respecting the minimum distance
between them according to the ASTM standard [26].

2.2.4. Preparation and microstructural analysis

The samples were taken using a diamond disc and embedded
in polyester resin, being ground with SiC sanding paper with
grit size of P400 to P4000 and diamond polishing of 6 pm and
1 pm, finished with colloidal silica 0.06 pm. The etch was per-
formed with a solution of 50% Hy0, + 25% HNOs3 + 25% ethyl
alcohol + 2 HF drops [27].

2.2.5.  X-ray diffraction

The X-ray diffraction measurements were performed on a
diffractometer using Cuk, radiation at 40 kV and 30 mA. The
results interpretation was carried out using the Crystallo-
graphica Search-Match [28] and the Powder Diffraction File of
the International Center for Diffraction Data (PDF2/ICDD) [29].

3. Results

The results obtained in this work are presented in the follow-
ing items.

3.1 Chemical analysis
The contents of the main elements of zirconium alloys are

listed in Table 2. The specification ASTM B351-08 [2] was
included.

3.2.  Tensile testing

The values of the mechanical properties of zirconium alloy
obtained in the two methods are shown in Table 3.In Fig. 4 (a, b)
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Fig. 5 - HRg hardness variation according to the heat
treatment, annealing, quenching, aging for the samples
after vacuum induction melting - VIM; and electron beam
melting - EB.

the typical stress versus elongation curves of the heat-treated
specimens are shown.

3.3.  Hardness testing

In Fig. 5, it is possible to observe the influence of the heat
treatments on the hardness of the alloys.

3.4. Microstructural analysis

3.4.1. Optical microscopy
The images of Figs. 6-9 are related to the microstructures
of the samples taken from the specimens that received the
heat treatments mentioned in item 2.2, comparing the melting
methods performed (a, b).

3.4.2. After annealing

The characteristic morphology of the Widmanstétten struc-
ture [30], specifically basketweave form can be seen in this
microstructure (Fig. 6) in both samples and the second phase
particles presence in (b), as found in references [18,13].

3.4.3. After quenching

After quenching in the alloy obtained by electron beam, the
Widmanstétten/basketweave morphology and the presence
of large needles of martensite are noted. In the material
produced by induction is a thin matrix of Widmanstat-

ten/basketweave structure and « phase needles distributed in
the matrix (Fig. 7).

3.4.4. After aging at 500 °C

The materials melted by the two methods resulted in sim-
ilar microstructures, i.e., Widmanstatten fine morphology
with a-phase martensite needles and rectangular and round
precipitates [31]. There is a small difference between the
microstructures related to the type of parallel plates in the
first case (Fig. 8a) and basketweave in the second, besides the
well-characterized grain boundary (Fig. 8b).

3.4.5. After aging at 700 °C

In the billet obtained by electron beam, the presence of the
very thin Widmanstétten matrix and well-developed a-phase
rectangular and round precipitates are noted. In relation to
the alloy obtained by induction, the matrix is similar to the
previous one, differentiating itself in the a-phase needles mor-
phology, as shown in Fig. 9.

3.4.6. Scanning electron microscopy (SEM)

In Fig. 10, the typical microstructure of the material in the
as-cast state of melting observed in the SEM and the semi-
quantitative energy dispersive chemical analysis (EDS) of the
light region, respectively, are shown.

3.4.7. X-ray diffraction
In Fig. 11 can be seen the X-rays diffractogram obtained from
the analysis of samples of the cast button via electron beam.

4, Discussion

As for the chemical composition, the contents of chromium
and hafnium are higher in the molten alloy by induction com-
pared to the electron beam melting, considering that it is
due to the variation of the chemical composition of the raw
material. In relation to the gas analysis, due to the smaller
suction power of the vacuum system in the induction process,
there was greater oxidation of the molten material because
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Fig. 6 - Optical micrographs of the microstructures after annealing. (a) Electron beam melting - EB. (b) Vacuum induction
melting — VIM, characterized by Widmanstitten structure in basketweave form and the presence of second phase particles.

Fig. 7 - Optical micrographs of the microstructures after quenching. (a) Electron beam melting - EB. (b) Vacuum induction
melting — VIM. Microstructures with Widmanstétten/basketweave morphology.

Fig. 8 - Microstructures after aging at 500 °C. (a) EB melting, noticing the presence of particles. (b) VIM melting.
Widmanstitten morphologies with martensite needles and rectangular and round precipitates.

Fig. 9 - Microstructures after aging at 700 °C. (a) EB melting, noting the Widmanstétten matrix and a-phase rectangular and
round precipitates. (b) VIM melting, similar morphology, but in the form of needles.
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of the oxygen presence in the atmosphere. During anneal-
ing, due to the high temperature and the low cooling rate, the
a-phase with Widmanstatten/basketweave structure had the
opportunity to precipitate and coarsen. This phase becomes
second phase particles, as shown in Fig. 6 (b) [1]. In quench-
ing, according to the TTT diagram (Fig. 2), the formation of
the martensitic microstructure is expected and the solutes
(Fe, Sn and Cr) are in solid solution [14]. The microstructure
of the electron-beam material corresponds to the acicular
microstructure and, in the induction melted material, the
matrix with thin plates of Widmanstatten/basketweave and
the mixture of B-phase needles with rectangular precipi-
tates were found, increasing the magnitude of the mechanical
properties. This alloy containing more oxygen, which is an
a-phase stabilizer, forms the interstitial solid solution and
increases the strength of the material due to the solid solu-
tion hardening [16]. Analyzing the TTT diagram shown in
Fig. 2, around 500 °C the martensitic microstructure can be

obtained and the presence of fine precipitates from super-
saturated a-phase can be retained. The hardness increases
with increasing temperature of aging due to the presence of
intermetallic particles, reaching a maximum around 500 °C
and then decreasing in the higher temperatures [15]. At this
temperature, 30 s is the time for precipitation to start (in this
study, this time was greater than 30 s). In Fig. 9a, can be seen
a refined Widmanstatten/basketweave microstructure, con-
taining a-phase precipitates larger and rounded disseminated
in the matrix. At higher aging temperatures there is the possi-
bility of martensite dissociation and the formation of isolated
a-phase sites. The decrease in the mechanical properties of
the alloy obtained by electron beam can be explained due to
the maximum at 500 °C mentioned above, from which the
precipitates are reduced. In the induction melted alloy, the
increase in mechanical properties was possibly influenced by
the presence of a-phase needles combined with the higher
oxygen content. In relation to the inclination of the curves, it
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is a little more pronounced probably due to the accommoda-
tion of the prismatic specimens in the fixing machining testing

grips.

5. Conclusion

The methods used to melt the Zircaloy machining scraps -
electron beam (EB) and vacuum induction (VIM) — were effec-
tive to obtain alloys having suitable chemical characteristics,
microstructure and mechanical properties. In the first method
(EB), the melt as a function of charge quantity was fast, while
the second method (VIM) was a comparably slower melting
process. Furthermore, the first process has a more efficient
vacuum system and lead to lower alloy oxidation. In fact, the
induction method was shown to melt the Zry-4 eliminating
the doubt that it would not be a proper process to melt this
kind of material because it is not magnetic. In reality it only
needs adjustments concerned to the process parameters (fre-
quency, time and etc.) and the control of the vacuum system
to minimize the oxygen in the atmosphere. The specimens for
the tests were scaled for sub-size according to the size of the
castbillets. It was important to adopt the standardized dimen-
sions and the format dictated in the ASTM E8 of the specimens
in order not to influence the tests, obtaining reliable results.
The encapsulation of the specimens was also very important,
as it avoided the material oxidation, preserving the surface
integrality. Surface defects are initiators and propagators of
microcracks, then interfere with mechanical properties and it
also affects the hardness measurements. The heat treatments
were based on the Zry-2 TTT diagram. Although it is from Zry-
2, it was used for Zry-4 successfully and proved to be a very
good tool for obtaining the desired microstructure and achieve
its properties. Although it is very common TTT for steels, there
are few studies involving zirconium alloys TTT diagrams. The
mechanical properties (tensile strength and elongation) in the
induction melting method resulted in higher values in rela-
tion to the electron beam method. Induced and quenched
cast material reached the highest strength limit, although the
elongation was below that specified in ASTM. The highest
elongation value reached (and close to ASTM values) occurred
with the material obtained by induction and aged at 500 °C.
This work has shown two viable methodologies to recycle
Zry-4 scraps into usable ingots. This provides the basis for
experimental scale-up to demonstrate the macroscale feasi-
bility of such processes, which could lead to dramatic cost
reductions in the utilization of LWR cladding in Brazil.
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