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ABSTRACT

In this work, the behavior of Zr-1Nb-1Sn-0.1Fe fuel rods
was studied by subjecting them to physical tests aimed at
reproducing the occurrence of fretting. For that, heat
treatments were carried out on the surfaces of the fuel
rods at different temperatures to modify the
microstructure (a-Zr to B-Zr) and improve the mechanical
properties. Mechanical tests and microstructural
characterization confirmed the improvement in the
mechanical properties and the modification of the alloy

microstructure. The fretting tests were carried out in
equipment designed to induce horizontal displacements
to the fuel rods in relation to spacer grid. It was verified,
through confocal microscopy, that the fretting wear
mechanisms observed in the fuel rods include abrasion,
adhesion, and plastic deformation, and that the increase
in the heat treatment temperature decreases the mass
loss, indicating a mild fretting wear regime.
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Influéncia de tratamentos térmicos sobre varetas combustiveis de
Zr-1.0Nb-1.0Sn-0.1Fe: Evolugao microestrutural, propriedades mecanicas e
comportamento sob desgaste por fretting

RESUMO

Neste trabalho, estudou-se o comportamento de varetas
combustiveis de Zr-1Nb-1Sn-0,1Fe submetendo-as a
ensaios fisicos visando reproduzir a ocorréncia de
fretting. Para tanto, tratamentos térmicos foram
realizados nas superficies das varetas combustiveis em
diferentes temperaturas para modificar a microestrutura
(a-Zr a B-Zr) e melhorar as propriedades mecanicas. Os
testes mecanicos confirmaram a melhora nas
propriedades mecanicas e ensaios de caracterizagdo
microestrutural evidenciaram alteragdes da

microestrutura da liga. Os ensaios de fretting foram
realizados em equipamentos projetados para induzir
deslocamentos horizontais das varetas combustiveis em
relagdo a grade espacadora. Verificou-se, por
microscopia confocal, que os mecanismos de desgaste
por fretting observados nas varetas combustiveis incluem
abrasdo, adesdo e deformacgdo plastica, e que o aumento
da temperatura de tratamento térmico diminui a perda
de massa, indicando desgaste por fretting menos severo

liga Zr-1.0Nb-1.0Sn-0.1Fe.

Palavras chave: Elementos combustiveis, grades espagadoras, tratamentos térmicos, desgaste por fretting,
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1. INTRODUCTION

Nuclear energy is the most efficient source among alternatives to fossil fuels, being
responsible for a significant portion of electricity supply in the developed countries. Therefore, it
is essential to ensure the safety of nuclear power plants, eliminating or minimizing unexpected
accidents.

For years, fretting wear has been recognized as a significant deficiency in various
industrial applications. Fretting wear is associated with the long-term service of operating
mechanical and engineering components, including aircraft engine couplings (Leen et al., 2002),
locomotive axles (Zhen et al., 2010), and nuclear fuel (Lee et al., 2013). Hoeppner (2006) presented
an overview of fretting failures in real structures. Fretting damage occurs when two contact
surfaces are submitted into a relative oscillatory movement of small amplitude, which causes a
reduction in component life.

One of the most common and expensive problems that presents a major safety
concern in nuclear power plants is the damage caused by fretting wear due to flow-induced
vibration (FIV) between the fuel rod and grid, which is the main contribution to fuel rod failure in
pressurized water reactors (PWRs). This is a serious problem, as damage caused by fretting wear
on the fuel rods can lead to perforation and consequent leakage of radioactive material. According
to Kim (2009) and Lorenzo-Martin and co-workers (2019), more than half of the leak incidents
result from grid-to-rod fretting wear damage.

The material used in nuclear fuel coatings in nuclear reactors is made of zirconium
alloys, which are susceptible to fretting wear. The zirconium alloys are highly desirable due to their
good mechanical behavior, corrosion resistance, and low thermal absorption cross-section of
neutrons. However, wear resistance is lower than that of nickel alloys and stainless-steel nuclear
materials. In the last decades, Zr alloys, such as the Zircaloy family were developed and had their
resistance to fretting wear tested, as evaluated by Cho et al. (1998), Lin et al. (2016) and Qu et al.
(2016). More recent alloys optimized to improve corrosion resistance and mechanical resistance,
such as Zirlo (ZrNbSnFe), replaced the Zircaloy alloy in PWRs (Sabol 2006), Jiao et al. (2023),
Kumara et al. (2022), Reed et al. (2021) e Fazi et al. (2023).

The commercial alloy Zr-1.0Nb-0.7Sn-0.1Fe has been widely used in the fabrication
of fuel assembly parts as fuel rods and spacer grids. This material is very attractive in nuclear
applications due to high wear and corrosion resistance and, also, good mechanical properties.
These aspects were also extensively addressed by Li et al. (2021).

Guo et al. (2018), when performing fretting tests with an alloy 405 in as-received
condition and heat-treated, demonstrated that the sample with greater hardness showed less
damage by fretting.

Tang et al. (2014) concluded that mechanical contact behavior of the thin wall tube
sample is significantly different when compared to the behavior of a standard thickness sample
under the effect of the same load. Therefore, it is necessary to study the fretting behavior directly
under the thin wall of the fuel rod.

Fu et al. (2000) showed that several approaches are used to mitigate or reduce
frictional wear in nuclear plants. Among them, it can be considered design changes in some
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components of fuel assemblies. This approach is not always possible and can be costly, as any
change in the design must undergo rigorous testing and, frequently, recertification. Lubricating
contact surfaces is another approach often considered. This approach is easy to implement, but
not always effective, due to the limited role of the lubricant during wear conditions (low sliding
speed and high contact pressure). Under these conditions, composition and topography of the
surface of the materials in contact are more important. The third approach to wear reduction is
surface engineering/phase transformation.  This approach is more promising because fretting
damage is a surface-related mechanism that involves mechanical and chemical events on the
surface of the material.

Park et al. (2019) observed a lower mass loss during fretting wear tests on heat-
treated samples. In their studies, they demonstrated that the wear loss of the heat-treated sample
was relatively smaller when compared to the as-received material. Therefore, the strategies that
optimize the composition, such as alloy with other elements and/or manipulation of heat
treatment procedures, are often adopted to improve the mechanical and corrosion properties of
zirconium alloys.

Baéta et al. (2020) showed that the misalighment promoted premature wear
because there is the intensification of fretting wear occurred by the appearance of complementary
efforts that influenced the micro-superficial wear in contact regions, accelerating the phenomenon
of fretting. In the same study it was possible to evaluate the material fretting wear from performed
tests at cool and with dry conditions in terms of the increasing of cycles number and taken into
account the misalignment effect. The results indicated that the wear mechanism was controlled
by debris generation along sample-spacer grid contact surfaces.

Baéta et al. (2021) observed that fretting wear mechanisms in the fuel rods include
abrasion, adhesion, and plastic deformation, and non-thermally treated samples showing a more
severe fretting wear mechanism (abrasion).

Based on this context, in the present work the effects of heat treatment and
microstructural evolution on mechanical resistance and fretting wear behavior outside the reactor
of the Zr-1.0Nb-0.7Sn-0.1Fe nuclear rods were investigated. For this purpose, a mechanical
apparatus was proposed to reproduce fretting wear phenomenon, which allows the analysis of the
grid-to-rod fretting behavior directly in the thin wall of the fuel rod and to use a complete set of
the grid. The devised prototype enables the evaluation of the superficial wear on the fuel rods from
the material mechanical behavior and the fretting fatigue occurrence on fuel assembly
components in dry conditions for a distinct number of cycles.

2. MATERIAL AND METHODS
2.1. Material

Tubular rods used in 16x16 type nuclear fuels with 1000mm in length and 9.13mm outside
diameter, manufactured from a commercial Zr-1Nb-1Sn-0.1Fe alloy, were used to investigate the
fretting wear resistance of this material. Baéta et al. (2020) presented alloy typical properties for
this alloy. The spacer grid used in this study, was composed of 256 cells distributed in 16 horizontal
lines and 16 vertical columns. It was also manufactured by drawing process from the same Zr-1Nb-
1Sn-0.1Fe alloy in the dimensions of 200mm x 200mm and 60 mm in thickness. The spacer grid
inner cells, where the nuclear fuel rods are positioned, have a nominal internal dimension of 12
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mm in diameter with a set of two springs and four dimples that maintain nuclear fuel rods in the
direction of its longitudinal axis. These supports are equally positioned and spaced radially by 90°
from each other in each cell, according to Fig. 1.

Springs Dimples
», /
N Y2

-/.

;
Rod

Figure 1: Schematic representation of the contact between the rod (usually filled with fuel pellets) and the
springs and dimples of grid. Source: Authors (2024)

2.2. Methods
2.2.1. Heat Treatments

Thermomechanical treatments are carried out commercially to restore or improve the
mechanical properties of materials during or after their manufacture. Depending on the treatment
applied, different microstructures can be produced.

In order to improve the resistance to fretting wear of the Zr-1Nb-1Sn-0.1Fe alloy, fuel rod
samples were vacuum encapsulated (102 bar) in quartz tubes with a 10 mm diameter. The heat
treatments were carried out in a Brasimet K 250 NZ oven at 580 °C, 630 °C, 830 °C, and 960 °C for
a total time of 4 hours, and then cooled in water to preserve the microstructure of high
temperature.

2.2.2. Chemical Composition

X-ray fluorescence analyses were performed on the analytical diffractometer AXIO MAX
PAN, in order to determine the chemical composition of the alloy under study. From the chemical
composition of the alloy, the phase diagrams Zr-Nb and Zr-Sn were calculated using the commercial
software ThermoCalc.

2.2.3. Microstructural Characterization

X-ray diffraction (XRD) profiles for each sample were recorded with the BRUKER D8
ADVANCED X-ray diffractometer using CuKa radiation. The 26 ranged from 20° to 100° with a step
scan of 0.02°. The time per step was 0.1 seconds.

Optical Microscopy (OM) and Scanning Electron Microscopy (SEM) were used for
microstructural characterization of the material in each available condition. The rod segments
were cut and had their microstructures analyzed along the longitudinal section. After sanding
sequences with SiC: 220-4000, the samples were polished with 1 um alumina and oxalic acid in a
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1:4 ratio. Then, the samples were chemically etched with a 50% H,0, 45% HNOs, and 5% HF
solution, by friction with cotton for 30 seconds.

The presence of second phase precipitates, as well as the matrix phase, were analyzed by
Energy Dispersive Spectroscopy (EDS). The micrographs were obtained using the Olympus GX71
inverted microscope and the Zeiss JEOL JSM 6460LV scanning electron microscope, equipped for
energy dispersive spectroscopy.

2.2.4. Mechanical Tests

Vickers microhardness tests were performed on Zr-1Nb-1Sn-0.1Fe samples in both as-
received and heat-treated conditions in a Shimadzu HMV microdurometer with load of 200g and
indentation time of 20 seconds.

Tensile tests on Zr-1Nb-1Sn-0.1Fe tubular samples also for as-received and heat-treated
conditions were performed using an Instron 5585H universal testing machine at room temperature
and for a nominal strain rate of 2.8 x 10-2 s. These tests were performed according to ASTM
E8 - Standard Test Methods for Tension Testing of Metallic Materials (2011).

2.2.5. Fretting Tests

Mechanical apparatus designed for carrying out fretting tests directly on the fuel rod and
grid is shown in Figure 2. This device consists of a set of mechanical elements that produce
horizontal oscillatory movement through a frequency converter. In this way, it is possible to make
precise adjustments to the vertical and horizontal positions of the fuel rod, aiming at its alignment
in a certain cell of the grid. The test oscillation amplitude, produced by an eccentric bearing was
maintained as constant an equal to 0.07 mm.
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Figure 2: Grid-to-rod fretting wear test equipment. Source: Authors (2024)

Kim and Suh (2009) reported that the first signs of leakage of the nuclear fuel rods into a
fuel element similar to that used in this experiment, in a wide range of operating time, were
observed mainly in the periphery of the reactor core and the seven first and four last lines of the
spacer grid, respectively. Thus, the nuclear fuel rod was positioned in the cell of the grid as shown
in Figure 3. The fuel rod was fixed to the prototype bearing at the start of the fretting wear test,
considering a constant reference distance. Fretting wear tests were carried out at room
temperature and with a relative humidity of 50-60%, without lubricating fluid or presence of
refrigerant. Additionally, an oscillatory movement with a frequency of 30 Hz and 106 cycles was
set. After the test, the fuel rod was cleaned with acetone by ultrasound for 5 minutes and dried in
compressed air to analyze the loss of material and wear out area.
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H H H Failure of fuel rods induced by fretting
X X
X X X wear.
X represents the positioning of the
X X X X
guide tubes of the fuel element set.
X X
™ Positioning of the fuel rod during
fretting tests.
X X X X
X X X
X X

Figura 3: Location of the failed fuel rods due to fretting wear in the 16 x 16 KOFA Fuel Element Set loaded in the

Kori 2 Unit and positioning of the samples in the fretting tests. Adapted from Kim and Suh (2009).

3. RESULTS AND DISCUSSION

Table 1 shows the chemical composition (% weight) of the Zr-1Nb-1Sn-0.1Fe alloy. The
results were close to typical chemical composition of this material reported by Fazi et al. (2023).

Table 1: Chemical composition of the Zr-1Nb-1Sn-0.1Fe alloy (% weight).

Element (% weight)
Nb 1,03
Sn 1.0
Fe 0.11
Zr Balance

Theoretical and experimental studies of phase stability trends in the periodic table have
been an important goal of materials science and computational physics. In ambient conditions,
elementary zirconium crystallizes in a hexagonal close-packed (HCP or a-phase) structure. This
structure becomes body-centered cubic (BCC), commonly called B-phase, at temperatures above
600 °C. Zhang et al. (2005).

The reliable construction of the phase diagram is of great importance for the development
of new materials and the prediction of their mechanical properties.

Figures 4 and 5 show the theoretical phase diagrams of the Zr-Sn and Zr-Nb systems,
respectively. The analysis of the theoretical diagrams in the weight percentages of Sn and Nb of
the alloy under study allows verification of the expected phases in the respective heat treatment
temperatures.
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Figure 4: Theoretical diagram of the Zr-Nb system. Source: Authors (2024)

LiQuID
1750
— ZRTFESN2
— BETA
— BETA#2
1500 ZRASN
—  ALPHA
BETA —  ZRSFE4NB
— ZR¥E
o
8 1250 ALPHAYBETAVZRSFEANS
B ALPHA+BETA+ZRSFE4NB
2 ALPHA+BETA+ZR3FE
5 ALPHA+BETA+ZRSFE4NB+ZR7FESN2
= ALPHA+BETA+ZR5FE4NB+ZR7FESN2
w000 ALPHA+BETA+ZR7FESN2
ALPHABETA+ZRTFESN2  BETA+ZRASN
I e ALPHA+BETA+ZRA4SN
ALPHA+BETA
750
ALPHA+BETA+ZRASN+ZR7FESN2
T}
] L
i —
/ ALPHA+BETA+ZR4SN+ZRTFESN2
500
0 1 3 4 5 6 7 8 9 10
A Mass percent Sn

Figure 5: Theoretical diagram of the Zr-Sn system. Source: Authors (2024)
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After analyzing the theoretical diagrams in the weight percentages of Sn and Nb of the alloy
under study, according to Table 1, the expected phases in the heat treatment temperatures used
can be inferred:

e 580°C: a-Zr, B-Nb and ZrFeNb
e 630°C: a-Zr, B-Zr and ZrFeNb
e 830°C: a-Zr and B-Zr

e 960°C: B-Zr

In the commercial ZrNb and ZrNbSnFe alloys, several phases may exist, depending on the
composition of the alloy and the thermomechanical history. The commonly reported phases in
these alloys are the a-Zr, b-Zr, b-Nb, and ternary ZrNbFe phases. The precipitation of the b-Nb
phase and the ternary ZrNbFe phases in a-Zr are mainly due to the low terminal solid solubility
(TSS) of Nb in the a-phase. Harte et al. (2018).

Sn, which is an a-stabilizer, reduces the solubility of Nb in the a-phase. At the Sn levels
applied to commercial ZrNbSnFe alloys (Sn 1% weight), Sn and Nb coexist in solid solution. Woo e
Griffiths (2009).

b-Nb can coexist with b-Zr and can be found in isolated grains or as a precipitate at the grain
boundaries. Eventually, the equilibrium state is reached so that, in the case of binary phases, there
are BCC b-Nb and HCP a-Zr with Nb in solid solution (<1% weight).

Northwood et al. (1991) reported that there is a small amount of Fe and Cr in most b
particles in the Zr-2.5Nb microstructure (% by weight). Francis et al. (2014) reported the
segregation of Fe at the b-Zr/ b-Nb interface in the ZIRLO™ with low Sn content. In both cases, it is
important to consider that Fe will be segregated in the complete 3D interfacial region and,
therefore, some Fe can be detected in the interfacial region above or below the precipitate.

The existence of ternary ZrNbFe intermetals has been demonstrated in quaternary
ZrNbSnFe alloys, such as ZIRLO™ (Sabol, 2006) and (Francis et al., 2014), NSF-2 (Kruger e Adamson,
1993) and E635 (Averin et al., 2000) e (Kobylyansky et al., 2008). Recent studies of ternary ZrNbFe
alloys reported the existence of two dominant ternary ZrNbFe phases: the hexagonal Zr(Nb,Fe),
and the face-centered cubic (Zr,Nb).Fe. Ramos et al. (2007), Toffolon-Masclet et al. (2008) and
Toffolon-Masclet et al. (2008).

In order to validate the obtained phase diagrams, and to verify the phases present in the
samples under study, X-ray Diffraction (XRD) tests were performed. The transition between the
a-Zr and b-Zr phases can be distinguished by the appearance and disappearance of their
characteristic diffraction peaks, see Figure 6. The XRD patterns shows an increase of the B-phase
with the increase of the heat treatment temperature. The same behavior was observed by
Zhang et al. (2005) and Pushilina et al. (2015).

Kim et al. (2008) investigated the effect of different cooling rates on the
Zr-1.5Nb-0.4Sn-0.2Fe-0.1Cr microstructure employing water quenching and air cooling.
Widmanstatten structure was formed during tempering with the water at a rapid cooling rate.

The precipitates are distributed randomly within the grains and along the grain boundaries
(although the grain boundaries are not very clear). The type of ZrNbFe precipitate could not be
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determined since the literature reports two types of Second Phase Particles (SPPs) in Zr alloys.
However, it can be inferred that the structure of SPPs is strongly dependent on the chemical
composition of SPPs in the alloy. Chen et al. (2015) and Burr et al. (2013). The amount of Fe/Nb
(% weight) also has a significant influence on the structure of SPPs in the alloys of the ZrNbFe
system. Qiu et al. (2012).

In general, above 630°C, the micrographs illustrate the presence of two common
characteristics in the microstructure. The first is the presence of primary a-equiaxed grains
(o-Zr that did not turn into B-Zr during heating), which decrease progressively in the volume
fraction with the increase of the heat treatment temperature. The second is the appearance of
structures of the Widmanstatten type, which increases progressively in the volume fraction with
the increase of the heat treatment temperature. Similar behavior was observed by
Ahmmed et al. (2016) during the heat treatment of Zr-Excel alloy.

The B-Zr phase persists at room temperature due to the high cooling rate. Thus, it was
possible to observe the presence of the B-phase even though it is metastable at room temperature.

Niculina et al. (1996) published an article in which they describe the evolution of the
microstructure in the Zr+1Nb+1Sn+0.4Fe (% weight) alloys under irradiation. They suggested that
the a—>a+p phase transformation temperature is about 650°C, and they also precipitate (Zr,Nb)sFe,
Zr(Nb,Fe),, and ZraSn. Niculina et al. (1996) also indicated that the limit a+B—>p is located at 950°C
in the same alloy.

960 °C/4h/H,0
——830°C/4h H,0
¥ ——630°C/4h/H,0
1| Y | T U G EE] | ——580°CHN/H0
\ —— As-received
|
| \'
£ |
s I
> At UL I — | U I
& |
o | |
[) |
= I
W\UE . -
‘| o o
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I T 1 N 1
30 60 90
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Figure 6: XRD patterns showing the phase identification between the a-Zr and B-Zr phases of the studied samples.

Source: Authors (2024)

The OM, SEM, and EDS techniques were performed to verify the characteristics of the
microstructures of the samples and, when applicable, precipitates. Figures 7 to 11 show the results
of these analyses. The presence of precipitates in the aZr + Zr-Nb-Fe + BNb domain is observed. In
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the aZr + ZrNbFe + B-Nb domain, the precipitation of the B-Nb phase and the ternary ZrNbFe
phases in a-Zr are mainly due to the low terminal solid solubility (TSS) of Nb in the a-phase. In this
domain, Fe and Nb are present in the intermetallic compound, while Sn is dissolved in the a-phase.
In the aZr + ZrNbFe + BZr domain, Sn is present in both aZr and BZr. In the aZr + BZr region, Fe
concentration decreases during heating, while Sn and Nb levels increase in BZr.

Signal A=SE1 EHT = 15.00 kV

Zr-1.0Nb-1.0-Sn-0.1Fe WD= 60mm Mag= 100KX

Figure 7: SEM micrograph of Zr-1.0Sn—-1.0Nb—-0.1Fe as-received specimen. Source: Authors (2024)
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Element | % Weight | % Atom.
Zr 87.50 87.70
Nb 12.50 12.30
Element | % Weight | % Atom.
Zr 88.36 87.78
Nb 9.07 8.31
Fe 2.57 3.91
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Figure 8: OM and SEM micrographs and EDS spectrum for Zr-1.0Sn—1.0Nb-0.1Fe specimen precipitates treated by
560°C/4 hours. Source: Authors (2024)
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Figure 9: OM and SEM micrographs and EDS spectrum for Zr-1.0Sn—1.0Nb-0.1Fe specimen precipitates
treated by 630°C/4 hours. Source: Authors (2024)

a) b)

Figure 10: OM and SEM micrographs of Zr-1.0Sn—1.0Nb-0.1Fe specimen treated by 830°C/4 hours. Source:
Authors (2024)
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Figure 11: OM and SEM micrographs of Zr-1.0Sn—1.0Nb—0.1Fe specimen treated by 960°C/4 hours. Source:
Authors (2024)

Table 2 shows the results of Vickers microhardness of the heat-treated and as-received
samples. Microhardness was measured for the as-received material and compared to those
obtained after each heat treatment. The hardness of the material increased from 191 + 26.69 HV
to 399 £ 18.57 uHV with the increase of the heat treatment temperature.

Table 2: Vickers microhardness results for each condition analyzed.

As-received condition = 191 + 26.69
Thermal treatment 580°C 630°C 830°C 960°C
Vickers Microhardness 244 £9.13 268 £ 10.61 396 + 14.86 399 + 18.57

Table 3 shows the mechanical properties of Zr-1Nb-1Sn-0.1Fe alloys at different heat
treatment temperatures. It was verified that the treated samples presented values of yield limit,
(oy*%), and tensile strength, (ous), higher than the as-received samples.

Table 3: Mechanical properties of the samples

Temperature (°C) c)%% (MPa) Outs (MPa)
As-received 603 754
580°C/4h 619 829
630°C/4h 624 831
830°C/4h 633 836
960°C/4h 637 882

The values obtained for Vickers microhardness and the mechanical properties of tensile
strength show that these properties can change with heat treatment. The increase in Vickers
microhardness values and mechanical properties in the a + ZrNbFe domain may be related to the
presence of precipitates. In the a + B domain, the microstructure composed essentially of the
o - B transition variant in a typical morphology of Widmanstatten may be responsible for
improving mechanical properties. Chen et al. (2015), Yang et al. (2012) and Jha et al. (2016).

Figure 12 shows the scars on the samples after the fretting test. All fretting marks were
elliptical.
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Figure 12: Fretting marks between the spring and the fuel rod after the fretting test (10° cycles).
Source: Authors (2024)

The heat-treated samples show less mass loss and a smaller fretting area with increasing
heat treatment temperature, as shown in Table 4. It was also verified that the mass loss, as well as
the fretting area, decreases with the increase of the heat treatment temperature, demonstrating
that the samples treated at higher temperatures show greater fretting wear resistance,
corroborating the results of increased mechanical properties of traction and Vickers
microhardness.

Table 4: Mass loss values and fretting area.

Temperature Mass loss Fretting Area
(°c) (g) (mm?)
As-Received 0.0050 £ 0.14% 14.324 + 2.95%
580°C/4h 0.0030 £ 0.10% 12.896 + 3.29%
630°C/4h 0.0026 £ 0.15% 11.626 £ 2.12%
830°C/4h 0.0018 £ 0.18% 7.995 £ 1.98%
960°C/4h 0.0006 £ 0.05% 6.701+ 1.12%

The fretting fatigue process is usually divided into different stages. The initial phase is
mostly dominated by the oxide layer on the contact surfaces. After the oxide layer is worn, cold
welds are formed on the surface roughness, increasing the friction coefficient. Subsequent loading
of the surfaces causes these micro welds to break, forming wear residues. These wear residues can
work as an abrasive, but they can also form a third protective layer, reducing wear (Sunde et al.,
2018). Additional loading cycles can introduce plastic deformations and micro cracks on the
surfaces. If the increasing rate of fretting wear depth is greater than the crack propagation rate,
the crack will be removed along with material loss, and new initial cracks will occur in different
locations due to the change in contact geometry. Tang et al. (2014). Thus, material removal due to
surface wear can eliminate the nucleation of crack on the surface.
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In order to know the characteristics of the material and the fretting wear nature of the
affected area, the region was evaluated using the Scanning Electron Microscopy (SEM) technique.
Figures. 13 to 17 show the SEM micrographs of the samples in the fretting areas.

The SEM images show that fretting wear occurs in some regions through the thinning out
of small particles in grooves, and in other regions through the pull out of larger particles. The latter
results in craters with rough surfaces, which are prevalent in the affected region.

It is observed that the treated samples have less material pull out than the untreated
sample. Figures. 13 to 17 show that worn surfaces have valleys due to material pull out and that
the samples treated at 830°C (Figure 16) and 960°C (Figure 17) show cracks on their surfaces. These
cracks are formed due to frictional force between the spring and the rod. This force induces shear
in the material, leading to a pull out of the alloy and formation of craters.

100 prm’ Signal A = SE1 EHT =20.00 kv 10 pm* Signal A = SE1 EHT = 20.00 KV
H WD = 9.0 mm Mag= 23X l’l l l WD = 9.0mm Mag= 846X l'l I

Figure 13: SEM of grid-to-rod fretting marks of the sample as-received (Specimen 1). Source: Authors (2024)

100 pm* Signal A = SE1 EHT = 20.00 kV 10 pm* Signal A = SE1 EHT = 20.00 kV
H WD = 85mm Mag= 23X 'Um — WD = 85mm Mag= 846X 1]*

Figure 14: SEM of grid-to-rod fretting marks of the sample treated at 580°C/4h (Specimen 2).
Source: Authors (2024)
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100 pm* Signal A = SE1 EHT =20.00 kV 10 pm* Signal A = SE1 EHT = 20.00 kV
H WD = 65mm Mag= 23X l'l | i WD= 75mm Mag= 846X l'l I

Figure 15: SEM of grid-to-rod fretting marks of the sample treated at 630°C/4h (Specimen 3).

Source: Authors (2024)

100 pm* Signal A = SE1 EHT =20.00 kV 10 pm® Signal A = SE1 EHT = 20.00 kV
H WD = 75mm Mag= 23X l'l | I WD = 65mm Mag= 846X lll |

Figure 16: SEM of grid-to-rod fretting marks of the sample treated at 830°C/4h (Specimen 4).

Source: Authors (2024)

. PO -
100 pm* Signal A= SE1 EHT =20.00 kV 10 pm* Signal A = SE1 EHT =20.00 kv
H WD = 65mm Mag= 23X — WD = 65mm Mag= 846X

Figure 17: SEM of grid-to-rod fretting marks of the sample treated at 9602C/4h (Specimen 5).

Source: Authors (2024)

4. CONCLUSIONS

In this study, samples of nuclear rods made from a Zr-1.0Nb-1.0Sn-0.1Fe alloy and used in
16x16 type nuclear fuel were treated at different temperatures and subjected to characterization
analyses and tests of mechanical properties and fretting. The results provided an understanding of
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how the phase changes of the material influence the mechanical properties and topographic wear
of the surface. These are summarized as follows:

(1) The heat treatment influenced microhardness and mechanical properties. The increase
in the heat treatment temperature promoted an increase in the microhardness values and the
tensile strength of the material;

(2) According to the microhardness values and the DRX profiles for each heat treatment
temperature, it was possible to relate the present phase according to the phase diagrams. It was
possible to observe that the increase in hardness is related to the present of precipitates and B-Zr
phase in the alloy;

(3) The microscopies of samples treated with temperatures below the transition
temperature show a microstructure with defined grains and the presence of precipitates. In the
samples treated above the transition temperature, microscopy shows a microstructure without
the presence of precipitates and Widmanstatten structures;

(4) It was possible, using the EDS technique, to observe and obtain the chemical
composition of the precipitates present in the alloy, along with its matrix phase;

(5) All samples showed elliptical fretting scars. Also, the mass loss, as well as the fretting
wear area, was found to decrease with the increase of the heat treatment temperature,
demonstrating that there was less material pull out during the performance of the fretting tests;

(6) Finally, it was observed that worn surfaces form valleys due to material pull out and that
samples treated at 830 2C (Fig. 16) and 960 2C (Fig. 17) show cracks on their surfaces. As for the
untreated sample and samples treated at 580 2C and 630 29C, the presence of cracks was not
observed. Thus, the removal of material due to surface wear may have been responsible for
eliminating the nucleation of cracks on the surface.
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