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Abstract: Zirconium alloy cladding materials inevitably undergo hydrogen absorption in the processing and operation process of the

reactor, and its static and dynamic mechanical properties are closely related to the hydrogen content. Samples with hydrogen content

ranging from 23 pg/g to 132 pg/g were obtained using the method of gas-phase hydrogen charging, and the influence of hydrogen
content on static/dynamic mechanical properties of Zr-Sn-Nb-Fe alloy was studied. The results show that the effect of weak hydrogen
charging on the ultimate tensile strength, yield strength, and elongation of zirconium alloy is not obvious. There are a large number of

dimples on the fracture surface of the tensile sample before and after hydrogen charging, which is a typical ductile fracture. However,

the impact toughness of Zr-Sn-Nb-Fe alloy decreases significantly after trace hydrogen charging. The impact sample without

hydrogen charging shows the mixed fracture mechanism of ductile fracture and microcleavage fracture. The increase in hydrogen

permeability leads to the emergence of hydride, and the deformation of high strain rate under the impact loading condition leads to

secondary cracks in the microstructure. The initiation and expansion of the secondary cracks is the main reason for the reduction of

the impact toughness.
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1 Introduction

As an advanced cladding material for nuclear reactor fuel
elements, Zr-Sn-Nb-Fe alloy has the advantages of low
neutron absorption cross section, good corrosion resistance,
high mechanical strength, and stable size under irradiation!.
During the alloy processing or reactor operation, zirconium
alloy cladding tube will inevitably absorb hydrogen. Due to
the extremely low solid solubility of hydrogen in zirconium,
most hydrogen precipitates in the form of hydrides™*.
According to the influence of hydride on the mechanical

>7 indicate that

properties of zirconium alloy, existing studies'
hydride has intrinsic fragility, which can decrease ductility
and lead to deformation cracking of zirconium alloy. For
example, research of hydrogen charging in zirconium alloy™ "
has shown that when the hydrogen content exceeds 500 pg/g,
the disorder distribution of hydride will deteriorate the tensile
performance of zirconium alloy.

Therefore, despite extensive research on the influence of
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hydride on the mechanical properties of zirconium alloys, the
influence of trace hydrogen content on the mechanical
properties of zirconium alloys remains underexplored. Unlike
quasi-static  stretching process, industrial
techniques such as high-speed rolling, punching, and high-

manufacturing

speed cutting involve the high-strain rate deformation under
the impact loading condition. Current studies have paid
limited attention to the dynamic mechanical properties of
zirconium alloy. This study investigated the effects of
different hydrogen contents on the static and dynamic
mechanical properties of Zr-Sn-Nb-Fe alloys through quasi-
static tensile testing, pendulum impact testing, and post-
fracture morphology and properties analyses. The results are
of great significance for the production and safe service of
zirconium alloy fuel cladding.

2 Experiment

The experimental samples were Zr-Sn-Nb-Fe alloy tube
billets in the recrystallization state, which were processed
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through melting, quenching, hot extrusion, cold rolling, and
annealing. Their nominal composition was Zr-1.0Sn-1.0Nb-
0.1Fe (wt% ). The gas-phase hydrogen charging of the as-
prepared intact samples was carried out in an atmosphere tube
furnace using a mixed gas atmosphere consisting of hydrogen
(2vol%) and argon (98vol%). Samples with different contents
of hydrogen were obtained by varying the gas flow rate and
holding time, as listed in Table 1.

The samples were cut into the dimensions of @21 mmx100
mm and 55 mmx10 mmx10 mm samples using the electric
spark cutting machine (STX-202A, China). After acetone
cleaning, ultrasonic cleaning, pure water cleaning, alcohol
cleaning, and low-temperature drying treatments, the samples
were put into an atmospheric tube furnace. The mixed gas
should be pre-connected for about 15 min before the test, and
then the furnace was heated to 400 °C with holding time of
10, 20, 40, and 60 min. The hydrogen content in the samples
was determined by an H836hydrogen analyzer (LECO,
American).

The macroscopic fracture morphology of the samples was
observed using a 3D superfield depth microscope (OLYMPUS
DSX10-UZH, Japan). The microscopic morphology of the
sample and the fracture morphology were observed using a
Hitachi SU6600 thermal field emission scanning electron
microscope, with an accelerating voltage of 15 kV.

The room-temperature tensile tests of the alloy were carried
out on testing machine (Instron 5565, America). All
performance tests were repeated three times to ensure the
reliability and accuracy of the results. The displacement-
controlled tensile tests at the tensile rate of 5x10* mm/min
were conducted at room temperature. The tensile sample
dimensions are shown in Fig.1.

Impact test was carried out for the received samples
through a Charpy impact test machine at room temperature.
The size of the impact sample is shown in Fig.2. V-notch type

Table 1 Gas- pahse hydrogen charging conditions and hydrogen

content of samples

Gas flow Holding Hydrogen
Sample O . . 1
rate/L-h time/min content/pg-g
1# 0 0 3
2# 40 10 23
3# 40 20 38
4# 40 40 89
5# 40 60 132
1x45° © %5
S— = 5
60+0.5 15
100

Fig.1 Dimension of samples for tensile tests

impact samples were used in this research for comprehen-
sively evaluating the entire fracture process, including crack
initiation, and fitting the actual impact toughness of alloy.
Impact energy presented in this study was an average of three
values obtained from the samples with different processing
parameters. The maximum shock absorption energy of the test
machine was 15 J at room temperature.

3 Results and Discussion

3.1 Tensile performance and fracture morphology

Quasi-static room-temperature tensile tests were conducted
on Zr-Sn-Nb-Fe alloy samples with different hydrogen
contents, and the stress-strain curves are shown in Fig.3. The
stress-strain curves for samples before and after hydrogen
charging are similar, exhibiting three distinct stages: elastic
deformation, plastic deformation, and uneven deformation,
consistent with the characteristics of toughness fracture. When
the stress-strain curve is in elastic deformation stage, the
stress is directly proportional to the strain. When the load
exceeds the yield strength (YS), the sample undergoes
dispersion instability: the stress increases extremely slowly in
a short period as the pores appear inside the matrix. Finally,
the sample shrinks and finally fractures when the load reaches
the peak. The detailed tensile performance results are
summarized in Table 2. The ultimate tensile strength (UTS) of
Zr-Sn-Nb-Fe samples before hydrogen charging can reach 551
MPa. When the hydrogen content reaches 132 pg/g, UTS of
Zr-Sn-Nb-Fe sample reaches 543 MPa. The results show that
the UTS, YS, and elongation of Zr-Sn-Nb-Fe alloy show no
significant dependence on hydrogen content.

Quasi-static tensile fracture morphologies of Zr-Sn-Nb-Fe
alloy with different hydrogen contents are shown in Fig. 4.
Without hydrogen charging, the tensile fracture surface is
rough and continuous, with a large number of dimples,
indicating a typical ductile fracture. Further observations of
the tensile fracture morphology of Zr-Sn-Nb-Fe alloy with
hydrogen content of 23 pg/g show that no obvious cracks and
large size holes are found. It is due to the hole left by the
detachment of the second phase from the matrix under tensile
stress. When the hydrogen content increases to 89 pg/g, trace
cracks appear in the tensile fracture port, with a crack length
of about 10 um. With the continuous increase in hydrogen
content to 132 pg/g, the tensile fracture of Zr-Sn-Nb-Fe
sample is still a ductile fracture, but the size of dimples
increases and their number decreases. At the same time, the
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Fig.2 Dimension of samples for impact tests
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Fig.3 Stress-strain curves of different samples: (a) 1#, (b) 2#, (c) 3#, (d) 4#, and (e) 5#

Table 2 Tensile results of samples with different hydrogen

contents
Sample UTS/MPa YS/MPa Elongation/%
1# 551 353 23.4
2# 548 359 23.6
3# 550 350 23.6
4# 544 349 242
5# 543 343 239

number of cracks in the fracture increases. However, the effect
on tensile strength is not obvious.

When the hydride-induced cracks deform at relatively low
strain rates, the shape and size of the cracks will expand with
the tensile deformation process. Hence, some cracks may
disappear in the plastic deformation stage. Moreover, due to
the excellent matrix toughness of Zr-Sn-Nb-Fe alloy, the
hydride formed by trace hydrogen charging is less and not
reunited, and the crack tip exhibits passivation behavior at low
strain rate, which greatly delays the crack extension.
Therefore, the in hydrogen content does not
significantly affect the tensile strength of Zr-Sn-Nb-Fe alloy.
3.2 Impact toughness and fracture morphology

increase

Charpy impact tests combined with microstructure
observations were performed on Zr-Sn-Nb-Fe alloy with
different hydrogen contents. As can be seen from Table 3, the
impact toughness changes significantly before and after
hydrogen charging. The impact strength of Zr-Sn-Nb-Fe
sample before hydrogen charging is 37.4 J/cm’. When the

hydrogen content increases to just 23 pg/g, the impact

toughness rapidly drops to 30.3 J/cm?*; further increasing the
hydrogen content to 132 pg/g reduces the impact toughness to
only 19.4 J/cm’. The substantial decrease in impact toughness
of Zr-Sn-Nb-Fe alloy observed in Table 3 can be attributed to
of the alloy.
Consequently, subsequent characterization of the dynamic

the changes in the internal structure
impact fracture morphology of Zr-Sn-Nb-Fe alloys with
different hydrogen contents is necessary to elucidate this
phenomenon.

The fracture morphology of samples after the impact test is
generally divided into three parts: fiber area, radiation area,
and shear lip. Fig.5a is the macro morphology of the impact
fracture of sample before hydrogen charging. As can be seen,
the morphology is flat, with plastic acute deformation at the
edges. The shear area, fiber area, and radiation area can be
distinguished at the fracture morphology. Microscopic
analysis reveals a large number of dimples in the impact
fracture of Zr-Sn-Nb-Fe alloy, along with minor river-like
brittle fracture features and a few micropores. This indicates a
predominantly ductile fracture mechanism with mixed
microcleavage fracture mechanism. With the increase in
hydrogen content, the fiber area at the fracture decreases,
while the radiation area becomes dominant. The increase in
micropore in the fracture and the hole combination leads to
the occurrence of cracks under the load. When the hydrogen
content reaches 132 pg/g, the macro morphology of the
impact fracture, as shown in Fig.5b, shows obvious relief at
the center of the impact fracture. It is found that the fracture
area has almost no fiber area, consisting almost entirely of the
radial area. Further microscopic analysis of the microscopic
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Table 3 Impact test results of samples with different hydrogen

contents
Impact absorbing Impact toughness/
Sample
energy/J J-em™

1# 22.5 37.4
2# 18.3 30.3
3# 16.4 272
4# 13.7 22.7
S# 11.7 19.4

morphology (Fig. 6d) reveals a lot of cracks up to 50 um in
length in the fracture, exhibiting no obvious directional
preference. Although there are still a large number of dimples
in the impact fracture, the fracture interface is clear at the
crack, and the fracture line is smooth and straight, showing
obvious brittle fracture characteristics. This indicates that the
fracture morphology presents a mixed ductile-cleavage
fracture mechanism. The hydrogen charging leads to the
formation of hydride, and the high-strain rate deformation
under impact loading conditions induces secondary crack in
the microstructure structure of Zr-Sn-Nb-Fe alloy. The
initiation and expansion of these secondary cracks are the
main reason for the reduction of impact toughness.
3.3 Tensile properties and impact properties

Through the analysis of the tensile and impact properties
of Zr-Sn-Nb-Fe alloy with different hydrogen contents, it
is found that trace hydrogen has little influence on the
tensile properties and fracture morphology of the sample, but
it has a significant impact on the impact toughness.
Generally speaking, the static tensile process involves a
low deformation strain rate compared to the dynamic impact
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Fig.5 Macros morphologies of impact samples 1# (a) and 5# (b)

process (tensile strain rate: 5x10™ s'; impact strain rate:
10°~10* s )™, The micropores and cracks in the deforma-
tion are prone to passivation under the low-strain rate
deformation conditions, which greatly delays the crack
extension, thus without excessive influence on the tensile
strength of the alloy. The dynamic impact testing evaluates
the crack expansion under high-strain rates deformation
conditions. The brittle hydride appears in the microstructure
of Zr-Sn-Nb-Fe alloy after hydrogen charging, providing
preferential pathways for crack initiation and propagation
with minimal resistance, and thereby leading to the reduction
of the impact power"”,
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Fig.6 Impact fracture morphology of samples with different hydrogen contents: (a, a,) 1#, (b, b)) 2#, (c, ¢,) 3#, (d, d)) 4#, and (e, e)) 5#

To better explain the load transfer mechanisms in zirconium
alloys and the associated microstructural changes, the tensile
fracture process of Zr-Sn-Nb-Fe alloy after hydrogen charging
is described in Fig.7.

For Zr-Sn-Nb-Fe alloy after hydrogen charging, the tensile
fracture process exhibits three stages"* . (1) Under the action
of tensile stress, the grain of the matrix is elongated through
the boundary migration, and the fine second phases with will
migrate toward the grain boundaries. (2) With continuous
stress, cross-sectional necking occurs, accompanied by void
formation at the interface of hydride and matrix. (3) The
zirconium matrix undergoes ductile fracture under load. At
high strain rate, the ride near the V-notch is subjected to
while the opposite side undergoes
compressive stress. Upon impact, the internal holes lack
sufficient time to deform; crack is initiated and propagated
along the hydride phases, finally leading to instantaneous

tensile  stress,

Load b

\%‘%@j

A
=
Pore with hydrides
B R &
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Fig.7 Schematics of tensile fracture (a—c) and impact fracture (d—e)
processes of Zr-Sn-Nb-Fe alloy: (a, d) loading stage, (b) neck

reduction stage, and (c, e) fracture stage

fracture.
4 Conclusions

1) At room temperature, with the increase in hydrogen
content from 3 pg/g to 132 pg/g, the UTS, YS, and elongation
of Zr-Sn-Nb-Fe alloy exhibit no obvious fluctuations. Quasi-
static tensile fracture morphology characterization of Zr-Sn-
Nb-Fe alloy with different hydrogen contents reveals that
both the samples before and after hydrogen charging display
numerous ductile dimples on their fracture surfaces, which is
a typical of ductile fracture behavior.

2) The impact toughness of Zr-Sn-Nb-Fe alloy before
hydrogen charging is 37.4 J/cm’, and it decreases significantly
with the increase in hydrogen content. Characterization of the
dynamic impact fracture morphology of samples with
different hydrogen contents reveals that the fracture
mechanism of sample before hydrogen charging is basically
ductile fracture with a mixed microcleavage fracture. With the
increase in hydrogen content, hydrides form, and the high-
strain rate deformation under impact loading conditions leads
to secondary cracks in the microstructure of Zr-Sn-Nb-Fe
alloy. The initiation and propagation of secondary cracks are
the main reasons for the decrease in impact toughness.

3) Hydrogen absorption is inevitable during the defor-
mation processing and service of zirconium alloy. Industrial
production processes such as high-speed rolling, punching,
and high-speed cutting involve high-strain rate deformation
under impact loading conditions. Current research has
predominantly focused on the influence of hydrides on the
tensile performance of the alloy, with limited attention to their
behavior under dynamic impact conditions. Exploring the
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