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A B S T R A C T

The nuclear industries have large interest on the development of new alloys involving zirconium (Zr) because
this material presents extraordinary mechanical properties, outstanding resistance to corrosion and high per-
meability to thermal neutrons, being suitable for applications in areas such as energy and human health. The
alloy studied in this paper is formed by Zr and niobium (Nb), normally expressed as Zr1Nb. These two elements
have large chemical affinities with oxygen, carbon, and nitrogen, elements that normally are responsible for a
series of damages in the alloy. The principal goal of this work is to obtain Zr1Nb alloys and to perform mi-
crostructural characterizations before and after the hot rolling process. The resulting alloys were subjected to a
process of heat treatment, the temperature was increased at a rate of 10 K/min up to 1273 K and maintained for
2 h, after which it was cooled down at −10 K/min until room temperature, with the only purpose of relieving
residual stresses. The next step was to apply the hot rolling process to the alloy. The sample initially measured,
approximately, 1.5 cm of thickness when it was inserted into the furnace at 1203 K to start the hot rolling. Every
pass on the hot rolling reduced the thickness by 0.5mm, originating uniform and homogeneous samples of
2.5 mm thickness. Auxiliary technical tools, such as XRD (X-Ray Diffraction), SEM (Scanning Electron
Microscopy), and EDS (Energy Dispersive X-Ray Spectroscopy), were used to analyze the microstructure of the
samples before and after the hot rolling process. The XRD results show the formation of only a single α-HCP
(Hexagonal Close Packed) phase for our samples, indicating that they are free of other phases that can damage
the material. This result is consistent and coherent with both SEM and EDS analysis. The observed homogeneity
of our samples is very good; proving that both techniques employed to obtain Zr1Nb as well as the hot rolling
process was well succeeded. Therefore, the obtained alloy can be directly used in the pipes of nuclear com-
bustible industries.

1. Introduction

Metal rolling is one of the most important steps among the processes
of manufacturing materials for general applications. The large majority
of currently metallic products are subject to the process of metal rolling
at a determined point during their manufacturing. Generally, metal
rolling is the first step in creating raw metal forms. The basic structures
for creation of a wide range of manufactured forms are the ingot or hot
rolled continuous casting in the form of bloom or slab.

Blooms have a square cross section typically larger than 6×6 in.
(150×150mm). Slabs are rectangular and are usually thicker than
1.5 in. (38mm) and longer and wider than 10 in. (250mm). The process

of rolling is most often performed hot, particularly in the case of ingot
conversion on continuous casting.

At a rolling mill, blooms and slabs are further rolled down to in-
termediate parts such as plate, sheet, strip, coil, billets, bars and rods.
Many of these products will originate materials for subsequent manu-
facturing operations such as forging, sheet metal working, wire
drawing, extrusion, and machining. Blooms are often rolled directly
into I or H beam shapes, channel beams, or T section shapes for
structural applications. Rolled bars of various shapes and specific cross
sections are used in the machine building industry, as well as at the
construction sector. Rails to be used as railroad tracks are also rolled
directly from blooms. Plates and sheets rolled from slabs are extremely

https://doi.org/10.1016/j.ijrmhm.2018.12.015
Received 15 May 2018; Received in revised form 11 December 2018; Accepted 23 December 2018

⁎ Corresponding author.
E-mail address: flavio.aristone@ufms.br (F. Aristone).

International Journal of Refractory Metals & Hard Materials 80 (2019) 216–224

Available online 24 December 2018
0263-4368/ © 2018 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/02634368
https://www.elsevier.com/locate/IJRMHM
https://doi.org/10.1016/j.ijrmhm.2018.12.015
https://doi.org/10.1016/j.ijrmhm.2018.12.015
mailto:flavio.aristone@ufms.br
https://doi.org/10.1016/j.ijrmhm.2018.12.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrmhm.2018.12.015&domain=pdf


important in the production of a wide range of manufactured items.
Plates are generally over 1/4″ or 6mm in thickness and used in heavy
applications such as boilers, bridges, nuclear vessels, large machines,
tanks and ships. Sheets are used for the production of car bodies, buses,
train cars, airplane fuselages, refrigerators, washers, dryers, other
household appliances, office equipment, containers, and beverage cans,
to name a few examples. It is remarkable the significance of metal
rolling in industry nowadays, as well as its integration with other
manufacturing processes.

The need and interest to fully understand the behavior and perfor-
mance of Zr alloys for nuclear applications has been growing in recent
years due to several factors. The development of new reactors for dif-
ferent operating conditions aims to minimize the cyclic costs of con-
tinuous fuel thru the demand for structural materials. Therefore, phe-
nomena of corrosion and deformation of materials are frequently
studied, principally in the sector of processed Zr alloys to be used in
nuclear applications [1,2].

In the metallurgical sector, several researches follow the direction of
quantifying the precipitation of second phase β Nb particles: the sample
texture changes; the transformations of α-β-α phases; the displacement
and concentration of defects; etc. All dynamic recrystallizations occur
very rapidly during the processes involved in the production of alloys.
The importance of knowing and establishing parameters to process Zr
alloys is therefore evidenced [3,4]. According to the literature, Zr alloys
exhibit significant amounts of second phase precipitates, such as for-
mation of oxides, carbides and nitrides. Oxides occur when the amount
of oxygen in mass is between 6.6% and 26%, for temperatures above
200 °C; carbides occur when the amount of carbon is 7.5% for tem-
peratures above 500 °C; nitrides occur when nitrogen is between 0.8%
and 3.0% for temperatures above 700 °C.

Currently, zirconium ranks eighteenth in abundance on Earth's
crust, being found in larger quantity than copper, lead and zinc, among
others. The main application of Zr alloys is as elements of fuel cells for
nuclear reactors [5], representing about 90% of all of it. These appli-
cations are due to its small cross-section when capturing thermal neu-
trons and to its excellent resistance to corrosion [6]. In industry, Zr is
used as an additive for production of steel in order to obtain materials
with high mechanical resistance. Nickel alloys are similar and/or
equivalent materials to Zr alloys. They are frequently employed in the
chemical industry due to their high resistance to corrosion in acid
medium [7].

Niobium is a refractory metal for which the melting point is 2750 K.
It has excellent mechanical properties, such as stiffness, hardness,
thermal and chemical stability, it is resistant to corrosion and to fatigue,
and it is biocompatible. Its density is 8.75 g/cm3 and it has a high
ductility compared to most metals. Inside an alloy, the niobium enters
as a substitutional element in an array forming the crystal structure of
zirconium, originating the Zr1Nb alloy [8,9].

The principal goal of this work is to obtain Zr1Nb alloys through
high-temperature fusion, making use of a non-consumable electrode
furnace, and to perform a series of microstructural characterizations in
these alloys before and after they are submitted to the hot rolling
process. Commercial Zr and Nb materials were weighted and melted. In
order to realize the zirconium and niobium fusion it is necessary to
determine the working conditions of the melting furnace as a function
of a series of parameters. The most important parameters to be con-
sidered are: the melting flow and the pressure of the inert gas atmo-
sphere that is required for the fusion process [10,11].

The resulting alloys were then subjected to a heat treatment process
with the only purpose of relieving residual stresses. This choice of
temperature limit is enough to avoid oxidation and consequently ab-
sorption of hydrogen by the alloys. The next step was the application of
the hot rolling process on the resulting alloy, in order to obtain uniform
and homogeneous samples having 2.5 mm thickness.

Microstructural characterizations of these Zr1Nb alloys have been
done through conventional X-ray diffractions, optical microscopy, and

scanning electron microscopy [12]. The samples were investigated be-
fore and after the hot rolling to analyze the microstructure of the re-
sulting surface in terms of texture, plastic deformations, and pre-
cipitates. The precipitation phase as well as defects of dislocation
attributed to the process of hot rolling contribute directly to the dete-
rioration of mechanical properties and performance against corrosion
of the Zr1Nb alloys. The interest of this work on the analysis and
comprehension of the microstructural evolution for such high perfor-
mance alloys used for application in nuclear reactors is therefore vastly
justified [13].

2. Material and methods

The samples of polycrystalline Zr used to obtain the results hereby
described have been commercially acquired in cylindrical form.
Polycrystalline samples of Nb were obtained thru electron beam melting
and supplied to study as triangular bars of 15 cm long, provided by the
Lorena School of Engineering, University of Sao Paulo, Brazil.

The furnace used to process the alloys of Zr1Nb melts non-con-
sumable electrode arcs under inert gas atmosphere. It is a V-series II
manufactured by Materials Research Corporation. The vacuum system
consists of a mechanical pump by Edwards, model A65201903, with a
pumping capacity of 4.5 m3/h and pressure limit on the order of
10−3 Torr. The rectifier model R-400 by Hobart Brothers Welding Co.
shown in Fig. 1 provides the necessary energy for melting.

A heat treatment of the samples was applied after the alloy was
melted. An ultra-high-vacuum system of the Inelastic Relaxations
Laboratory of the Department of Physics, State University of Sao Paulo
(UNESP), at the city of Bauru, State of Sao Paulo, Brazil was used. A
schematic drawing is represented in Fig. 2, see also reference [14]. Our
heat treatment process consists on placing the sample in a vacuum
system at 10−4 Torr, with an applied heating temperature ramp of
10 K/min until it reaches 1273 K, where it was kept for 2 h. Such a
temperature is clearly smaller than the temperature necessary for
melting. After this plateau, the sample is cooled down to room tem-
perature again, at a maximum rate of −10 K/min. Such a heat treat-
ment has the only purpose of minimizing residual tensions and to allow
a better distribution of grains.

The hot rolling process used a FENN brand two cylinders laminator
that belongs to the Center of Materials and Technology of the Brazilian
Institute for Energy and Nuclear Research – IPEN. The system is sche-
matically represented in Fig. 3. Before starting the rolling process, the
sample was inserted in a copper pipe lately melted on its extremities to
minimize oxidation and kept inside a furnace at 1203 K. The sample
thickness was reduced 0,5 mm on every passage of the sample in the
laminator. Each sample had initially 1.5 cm thickness approximately,
and then it was rolled down to 2.5mm. After each rolling step, the
sample was reinserted into the furnace for 1min, in order to stabilize
the temperature.

All samples have been prepared at the facilities of the “Center of
Characterization and Materials Technology” of IPEN. After being em-
bedded, these alloys were initially polished and then analyzed using a
Scanning Electron Microscopy (SEM) with an Energy Dispersive
Spectroscopy (EDS) system attached. This system is a JEOL 5800 LV
equipment located at the Institute of Physics (INFI) of the South Mato
Grosso Federal University (UFMS), Brazil. Measurements of X-ray dif-
fraction have been realized at the Powder X-ray Diffraction (XPD) light
station of the Brazilian National Synchrotron Light Laboratory (LNLS).
A monochromatic detector Mythen at 1550.3939 Å wavelength, sensi-
tive to the linear position, was used.

3. Results and discussions

3.1. Determination of the parameters of fusion

The Zr1Nb samples used here in this paper to study the
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microstructural evolution after the procedure of hot rolling were all
submitted to the same treatment described by Souza et al [12]. The
experimental parameters were determined individually for each type of
furnace. Several individual tests were performed using an Argon S type
cylinder and various samples have been measured, weighting ap-
proximately 50 g each.

During the development of tests to determine the optimal current
range for the fusion process, a few samples released vapors that inter-
fered with the performance of the arc furnace, blurring the observation
window, thereby hindering the absolute control of the melting process.
After all initial tests, the ideal interval of current range was observed to
vary from 100 to 300 A. The value of I=275 A generated the best
results to melt the alloys.

After initial tests were ran, both the optimized pressure of the inert
gas that is required during the melting process inside the furnace
chamber as well as the best vacuum pressure before melting were de-
termined. When running tests, the vacuum pressure prior to the melting
process has been stablished as 6.35× 10−2 Torr, while the pressure of
the inert gas during melting was around 5.58×10−2 Torr. These
conditions were adequate to maintain an open-loop stability with ex-
cellent efficiency for the setting of the melting process.

Before starting the process of melting, the system was purged with
argon gas three times. For each purge, Argon gas was injected until the
vacuum pressure was reduced to 2.54× 10−2 Torr. Such injection is
designed to prevent impurities from the external atmosphere that could
contaminate the samples during the purges. After the melting is

Fig. 1. Pictures of the furnace-gas-rectifier ensemble used to produce Zr1Nb alloys.

Fig. 2. Schematic diagram of the thermal treatment system.
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finished, the whole system is maintained under the same conditions for
extra 5min, i.e., the flow of the inert Argon gas is kept constant for such
a while, exactly like during a purge. The vacuum pressure is held at
6.35×10−2 Torr for another 30min before opening the furnace to
accomplish the temperature cooling procedure. The samples are then
cooled to avoid major contaminations either by internal or external
gases present in the atmosphere. This procedure ensured the production
of high-purity and homogeneous samples. A typical sample is re-
presented in the pictures exhibited in Fig. 4. The parameters for each
one of the melted alloys are shown in Table 1.

3.2. X-ray diffraction

In Fig. 5(a) and (b) are represented typical results of X-ray diffrac-
tion obtained for the Zr1Nb alloy, which was obtained as described in
the previous section. The X-ray spectrum exhibited in Fig. 5(a) re-
presents the analysis of the “raw” Zr1Nb sample, i.e., before hot rolling
it. Fig. 5(a) ought to be compared directly to the spectrum shown in
Fig. 5(b), which was obtained for the same sample but after a full cycle
of hot rolling.

Variations on the intensity of peaks are observed when comparing
these two spectra. This effect is mainly attributed to the orientation of
grains in the sample before and after hot rolling treatment. The position
of peaks is characteristic of a crystalline structure of HCP type. The
analysis of such X-ray diagrams identifies the planes of wave reflection
leading therefore to the Miller indexes. Applying the Miller indexes that
were obtained to the Bragg's law for an HCP crystalline structure, the
following lattice parameters are obtained: a=3.238527 Å;
b= 3.238527 Å and c=5.161452 Å respectively.

During the hot rolling treatment, the sample is submitted to tem-
peratures of 930 °C; consequently, the phenomenon of allotropic Zr
induces the HCP crystalline phase to change into a BCC structure type.
A detailed study of these charts of X-ray diffraction leads to some im-
portant conclusions. An alloy that has been submitted to the procedure
of hot rolling generates an X-ray diffraction chart that does not show

Fig. 3. Schematic representation of the strengths involved during a process of rolling and some geometric relations.

Fig. 4. Sequence of preparation and acquisition for the melting of a Zr1Nb alloy.

Table 1
Optimized results determined for the melting parameters of a Zr1Nb
alloy.

Parameter Used value

Pressure before melting 6,35×10−2 Torr
Pressure during melting 5,58×10−2 Torr
Pressure between purges 2,54×10−2 Torr
Optimized current 275 A
Cooling time 35min
Number of purges 3
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precipitation of any one of the following phases: β-Zr, β-Nb and α/
(α+ β). Therefore, it confirms the dissolution of Nb occurring as a
substitutional solid solution in the crystalline structure of the Zr matrix.
The stability of the α phase is inferred from the high reproducibility of
the X-ray diffraction charts. Such a reproducibility shows that the
parameters previously established, which were obtained during the
rolling process, contribute directly to the optimization of manu-
facturing Zr1Nb alloys process, with excellent stability.

3.3. Optical microscopy

Optical microscopy was performed using a Leica microscope model
LAS-EZ, with coupled digital camera and software by Leica Application.
This equipment belongs to the Laboratory of Corrosion of the Center of
Science and Technology of Materials (CCTM), IPEN. It was used to in-
vestigate the superficial characteristics of the sample in terms of
homogeneity and distribution of particles as a function of the grain
contours. Measurements were performed before and after the hot
rolling process.

Two micrograph pictures are exhibited in Fig. 6(a) and (b), the first
one shows the surface of the commercial Zr raw material while the
other shows the surface of the Nb of nuclear grade. These materials are
the precursors used to obtain the intended alloys. It is noticeable that

both surfaces present a good homogeneity for these samples. However,
it also clear that the porous density is larger for Zr than for Nb.

The densities of Zr and Nb remain on the order of 6.513 and
8.575 g/cm3 respectively. These numbers are coherent and completely
in agreement with the current reference values found in periodic tables.
The sample porosity is evidenced when both photomicrographs are
compared. Even from this qualitative analysis, it is possible to infer that
the zirconium, considered as a matrix, enhances the dissolution of
oxygen and consequently also enhances the absorption of hydrogen
because it has strong affinities with O, N, and H. The presence of these
elements is prejudicial to the material. Dissolution of oxygen provokes a
loss of ductility while absorption of hydrogen causes embrittlement due
to the formation of hydrides. Therefore, the relevance on performing
such studies after the hot rolling process is largely justified.

Surface effects due to the thermal (heat) treatment enforced on the
Zr1Nb alloy samples are discussed based on the sequence of micro-
graphs shown in the whole Fig. 7, which is composed of four different
pictures representing the different phases of sample preparation. The
micrograph picture exhibited in Fig. 7(a) was taken from the alloy di-
rectly after the fusion. The micrograph picture exhibited in Fig. 7(b)
was taken after the heat treatment for homogenization and it is no-
ticeable the growth of dendrites.

The direction of dendrites is well defined after the heat treatment,
being aligned in opposite direction of the heat extraction. The bound-
aries of grains are also evidenced and discussed for these pictures.
Before the thermal treatment, the pores were more concentrated, i.e.,
alternating regions of high density with regions of low density. After the
sample was thermally treated though the grains became distributed
much more homogenously in the whole sample surface. As a con-
sequence, this more homogeneous distribution implies the relief of the
residual tension, therefore minimizing the deformations due to the
conditions of grain boundaries [15].

The micrograph exhibited in Figs. 7(c) and (d) are pictures obtained
for the transverse and the longitudinal sections of the previously ther-
mally treated sample, respectively. It is important to notice the de-
formation and the alignment of the dendrites shown in these pictures. A
small oxidized layer also appears in these pictures.

The results exhibited in both Figs. 7(c) and (d) clearly indicates that
there is a substantial affinity between Zr and O. The α phase of zirco-
nium, simply noted by α-Zr, dissolves oxygen interstitially until the
maximum limit of oxygen solubility, which is 35% at the eutectic
temperature of 2338 K [16]. Similarly, the β phase of zirconium, or β-
Zr, also dissolves oxygen interstitially, but the maximum limit of solu-
bility occurs when the O is 10.5% at 2243 K [17].

The resulting dynamics indicate that the niobium is a substitutional
element in the zirconium matrix, what is coherent with the results
obtained in the diffractograms, where the indexed peaks are char-
acteristic of the HCP crystal structure of Zr. Oxygen stabilizes the α-Zr
phase and niobium stabilizes the β-Zr phase. This difference in the
stability of phases results in a very small limit of oxygen solubility for
the Zr1Nb alloys. The limits of solubility are quite large for β-Nb in a
BCC structure; for α-Zr in an HCP structure and for β-Zr in a BCC
structure [18].

3.4. Scanning Electric Microscopy - SEM

Microstructural analyses of the samples through SEM are discussed
in this section. The same process of comparison applies again. The
pictures represented in Fig. 8(a) and (b) were obtained for the surface of
sample after the process of fusion only, i.e. before the hot rolling.

This picture was taken using backscattering electrons, allowing to
notice the deformation of grains along the contrast depth. The average
size of grains is particularly extended for this cross section of the sample
that was investigated. Fig. 8(b) was taken for the same section of the
same sample, but using image of secondary electrons nevertheless.
Morphological aspects of the α-Zr phase are noticeable in this picture,

Fig. 5. a) Standard X-ray diffraction of a Zr1Nb alloy sample before it was
submitted to the process of hot rolling; b) Standard X-ray diffraction of the same
sample but after it was submitted to the hot rolling procedure.
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represented by the external appearance of the sample in terms of pore
deformation and their distribution on the surface before hot rolling.

The next two pictures on Fig. 8(c) and (d) were taken for the same
sample but after the sample was submitted to the hot rolling procedure.
The Fig. 8(c) is to be compared to Fig. 8(a), since both were taken using
backscattering electrons, as well as Fig. 8(d) is to be compared to
Fig. 8(b), since both were taken using secondary electron imaging.

The pictures of the sample after thermal treatment highlight the
boundaries of grains for the Zr1Nb alloys. The first conclusion is that the
deformation of grains clearly increased on both Fig. 8(c) and (d) when
compared to the previous ones, Fig. 8(a) and (b). However, it is also
noticeable that the cross-section area of those grains along the rolling
plan has been significantly reduced.

When looking at the ensemble of both pictures taken of the samples
before and after hot rolling it becomes clear that the homogeneity for
this Zr1Nb alloy has improved considerably. Even if the deformation of
individual grains has increased after the hot rolling process, the large
majority of grains have actually disappeared, leading to a much
“clearer” and homogeneous sample.

A thorough analysis of the photomicrograph reveals a small region
on the contour extremities of the sample with a clearer (almost white)
color, which characterizes the presence of oxides. During the process of
thermal treatment, oxygen spreads on the whole sample surface.
According to the resulting photomicrograph, the whole sample keeps
stable, as previously explained, due to the limit of solubility.

The oxygen concentration measured for this sample at the boundary

Fig. 6. Optical photomicrograph for (a) commercial Zr and (b) nuclear grade Nb.

Fig. 7. A sequence of typical micrographs obtained for a sample of Zr1Nb alloy: (a) its surface after the fusion only; (b) the same surface but after being submitted to
the heat thermal treatment; (c) the transversal section; and (d) the longitudinal section.

A.C. Souza et al. International Journal of Refractory Metals & Hard Materials 80 (2019) 216–224

221



of the metal-oxide phase is approximately equal to the oxygen con-
centration at equilibrium. The value of 6.7 in mass percentage is the
upper limit of oxygen concentration for the α-Zr phase at the tem-
perature interval comprised between 1223 and 2173 K [17]. Gas ana-
lysis realized at the Sheffield University-UK found the value of 0.215%
in mass of Oxygen for our samples. Therefore, the working temperature
of 1203 K is well established, especially after considering all images of
micro-structures obtained for the studied samples. The samples that
were obtained as previously described present neither α-Zr(O), nor β-Zr
(O) nor hydride phase transformations. Such conclusions have been
confirmed through the analyze of the pictures that were beforehand
exhibited, proving that an excellent homogeneity of phases was
achieved. This homogeneity is due to the presence of the niobium β-
stabilizer element, which played an important role regarding the dis-
solution of small concentrations of oxygen and hydrogen in the solid
solution of the matrix after the hot rolling process.

Results of EDS acquired for the same Zr1Nb sample obtained after
the hot rolling processes are exhibited in Table 2. The corresponding
graphics clearly show the concentrations of each element involved in
the alloy. It can be noticed that the presence of the atomic Zr in the
matrix is approximately 99.33% while the substitutional atomic Nb
represents 0.67%. These numbers confirm a homogeneous distribution

of Nb as a substitutional element. The respective data were obtained for
the following set of parameters: Life Time: 100.0 s.; Acc. Voltage:
30.0 kV; Take Off Angle: 37.2 deg.; Amplification: 1500×; and De-
tector: Pioneer.

Characterization of the sample through the measurement of the
Energy Dispersive Spectroscopy (EDS) has also been done. A typical
curve of EDS characterization is exhibited in Fig. 9 for the Zr1Nb alloy
after it was submitted to the hot rolling process.

Peaks representing both Zr and Nb are present at 2.2 and 2.3 keV
respectively. These peaks thus confirm that Niobium has been dis-
tributed in the alloy during the melting process. The EDS result was
obtained by scanning the signal in a specific region of the sample, and
the obtained peak indicates semi-quantitatively the presence of Nb at
several points. Different results for the EDS would permit the identifi-
cation of Nb presence at different points in the sample, so that the
distribution of Nb can be inferred.

This result is consistent with previous diffractometry where no
precipitated β phases of Nb were identified. Different authors, such as
Lelievre [19] and Neogy [20], reported that the α-Zr matrix contains
approximately 0.67% of substitutional atomic Nb in the solid solution
and is free of precipitated β-Nb. The results of X-ray diffraction pre-
sented in this paper are completely consistent with such an assertive.

4. Conclusion

Both Zirconium and Niobium have been used to form alloys known
as Zr1Nb that were thoroughly analyzed with the assistance of different
techniques. After various tests, it was possible to determine the fol-
lowing parameters for the melting process: Voltage, Current, Pressure,
Gas Flow and Fusing Time. Using a non-consumable electrode fusion
furnace, it was possible to obtain such alloys with sufficient degree of
homogeneity high enough to be used in nuclear applications as well as
for the continuation of our characterization working processes.

The results of X-ray diffraction for phase identification led to

Fig. 8. Results of SEM obtained for the surface of Zr1Nb alloy. Pictures (a) and (b) were obtained for the sample after fusion only. Pictures (c) and (d) were obtained
for the sample after the thermal treatment.

Table 2
Quantitative results for a Zr1Nb sample obtained after hot rolling.

Element line Net counts Z A F Weight % Atomic %

C K 3690 0.000 0.000 0.000 – –
Zr K 28879 0.000 0.000 0.000 – –
Zr L 240703 1.000 1.000 1.000 99.32 99.33
Zr M 0 0.000 0.000 0.000 – –
Nb K 553 0.000 0.000 0.000 – –
Nb L 1731 0.994 0.961 1.000 0.68 0.67
Nb M 203 0.000 0.000 0.000 – –
Total 100.00 100.00

A.C. Souza et al. International Journal of Refractory Metals & Hard Materials 80 (2019) 216–224

222



conclude that the Zr1Nb alloys before and after hot rolling have the
same HCP crystalline structure, exhibiting only the homogeneous α-Zr
phase, and pointing that the β-Nb phase is not present. This is an in-
dication that the Nb is in solid solution in the crystalline structure of the
Zr1Nb alloy.

The results of optical microscopy showed variations in the porosity
and in the orientation of dendrites before and after the heat treatment,
performed at 1273 K for 2 h. Analysis of SEM realized after hot rolling
showed that our Zr1Nb alloy samples present only the primary α-Zr
phase. The samples also present good homogeneity in spite of the de-
formations along the horizontal direction induced by the rolling mill
cylinders. The EDS analysis showed a semi-quantitative value of 0.67%
Nb mass in the Zr1Nb alloy after hot rolling, consistent with the solu-
bility limit of the solid Nb in the Zr matrix.

Therefore, controlling the melting and hot rolling parameters, it was
possible to obtain a Zr1Nb alloy with a high degree of homogeneity and
purity. The next move of our research consists in doing dynamical
mechanical analysis - DMA of such alloys. Goals are to determine their
inelastic proprieties, such as elasticity or Young's modulus, temperature
and peak frequency, defect combinations and internal friction. These
studies will be conclusive about the possibility to use this alloy on the
fabrication process of fuel pipes of low power reactors.
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