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Abstract: Zirconium alloys are widely used in nuclear water reactors as cladding materials. The
cladding materials will absorb hydrogen from high temperature water during the operation of nuclear
reactor. In cladding tubes, it has been common sense that circumferential hydrides form without
stress, while radial hydrides can form when the hydrides are reoriented under stress loading. In this
study, we found that a high heating rate can result in hydride reorientation behavior even without
stress. At elevated heating rates, the zirconium alloy clad tube developed a non-uniform strain
gradient along the direction of heat conduction. Hydrogen atoms migrate preferentially to areas of
elevated stress and precipitate as hydrides that are perpendicular to the direction of tensile stress,
resulting in the formation of radial hydrides that appear as “sun spots” macroscopically. Additionally,
the high heating rate disrupts the {0001}α∥{111}δ, <11–20>α∥<110>δ orientation relationship between
the hydride and the substrate, which potentially facilitates crack propagation.
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1. Introduction

Zirconium alloys are widely used in nuclear fuel cladding tubes in nuclear reactors be-
cause of their low thermal neutron absorption cross-section, excellent mechanical properties
and corrosion resistance at high temperature [1,2]. The in-service fuel cladding inevitably
undergoes reactions with the coolant, water radiolysis and other hydrogen sources. The
hydrogen generated by these reactions can be readily absorbed by the zirconium alloy
at high temperatures within the reactor. When the absorbed hydrogen exceeds its solid
solubility limit in the zirconium alloy, it will precipitate as a zirconium hydride phase, also
known as hydride [3–5]. The brittle hydrides significantly affect the mechanical properties
and corrosion resistance of zirconium cladding tubes [6–8].

The α-Zr to hydride phase transformation involves a large local volume expansion.
Carpenter et al. proposed that the precipitation of γ-hydride and δ-hydride in a zirconium
matrix leads to a cell volume expansion of approximately 12.3% and 17.2%, respectively,
while ε-hydride exhibits an even greater local volume expansion [9,10]. Taking the most
common δ-hydride as an example, the lattice parameter mismatch between δ-hydride
and surrounding α-Zr is anisotropic [10–12]. For basal δ-hydride with a (0001)α∥(111)δ,
<11–20>α∥<110>δ orientation relationship, the expansion strain on the basal plane along the
[0001]α c-axis is +7.25%, along [11–20]α is +4.76% and along [1–100]α is +4.58%. For pris-
matic δ-hydride with an OR of (0001) α∥{111}δ, <11–20>α∥<110>δ and <10–10>α∥<110>δ,
the misfit strains are −7.10% along [0001]α and +20.70% along [10–10]α [11,13,14]. In
comparison to basal hydrides with minimized strain accommodation energy, the larger
strain caused by the precipitation of prismatic δ-hydrides can directly result in cleavage,
cracking along the {10–10} prismatic plane, which is intrinsically the weakest Zr plane [15].
Macroscopically, the morphology of hydrides is either circumferential or radial. Tubes
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containing radial hydrides are more susceptible to crack propagation compared to those
with circumferential hydrides [5,6,8,10,16–21].

During the annealing of a hydrogen-containing zirconium alloy cladding tube, hy-
drides are generally distributed along the circumference of the tube, forming circumferential
hydrides in a non-stressed state. When a certain circumferential tensile stress is applied
during annealing, hydrogen in solid solution within the zirconium alloy tube tends to
precipitate as radial hydrides perpendicular to the tensile stress direction. Kearns et al. [22]
proposed that grain size, degree of cold working, and the original texture of the zirconium
alloy can influence the extent of hydride stress reorientation. The refined grain of the
zirconium alloy facilitates the preferential alignment of hydride precipitation habit planes,
thereby predisposing the tube to stress-induced hydride reorientation. In tubes with a
predominantly radial basal texture, the hydrides tend to form a circumferential distribu-
tion, thereby reducing the propensity for hydride reorientation in response to applied
stress. With an elevation in the tangential basal texture fraction, the probability of hydride
reorientation under stress is enhanced. Alam et al. [23] observed that with the increase
of hydrogen content, the degree of hydride stress reorientation in zirconium alloys first
increased and then decreased. However, Kim et al. [24] suggested that the stress threshold
for hydride stress reorientation in Zr-4 alloys gradually increases with decreasing heating
temperature. Currently, through the addition of alloying elements, control of grain size,
optimization of preparation process, precise heat treatment and management of residual
stress in zirconium, it is essentially feasible to influence the precipitation of hydrides in
a favorable direction. Those approaches reduce the risk of hydrogen embrittlement and
mitigate cladding tube damage. However, further investigation into hydride reorientation
behavior caused by temperature fluctuations resulting from power adjustments is necessary
under reactor operating conditions.

In the present work, zirconium alloy tubes were subjected to hydrogenation through
heat treatment, and the reorientation behavior of hydride was investigated by varying the
heating rate, holding temperature and cooling rate. The distribution of the hydrides was
observed using optical microscopy (OM) and scanning electron microscopy (SEM). The
orientation relationship between hydride and matrix, as well as the ratio of hydrides within
and between grains, were analyzed in detail using EBSD. Based on the obtained results, the
precipitation of hydrides and stress-induced reorientation are interpreted in relation to the
effect of the heating rate on stress distribution.

2. Materials and Methods
2.1. Sample Preparation

A Zr–Sn–Nb alloy was used in the experiment, and its chemical composition is shown
in Table 1. The main preparation process was as follows: zirconium sponge with an inter-
mediate alloy was pressed into electric grade, followed by 3 rounds of vacuum consumable
arc melting, forging, β phase homogenization treatment and quenching. This was followed
by hot extrusion, 5 passes of cold rolling and annealing after each pass, resulting in a
finished tube of Φ = 9.5 mm × 0.57 mm (outside diameter of 9.5 mm and wall thickness
of 0.57 mm) [25]. The tubes used in this experiment have not been straightened, therefore
there is no presence of straightening stress.

Table 1. Chemical composition of Zr–Sn–Nb alloy specimens (wt.%).

Zr Sn Nb Fe O

Matrix 1.0% 1.0% 0.3% 0.11%

2.2. Hydrogenation Experiment

A tube with dimensions of Φ = 9.5 mm × 0.57 mm × 30 mm was charged with hydro-
gen by a gaseous hydriding procedure using a high pressure hydrogen gas furnace [26]
(developed by Shenzhen Wisdom Automation Equipment Company, Shenzhen, China).
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The chamber with the experimental tubes was filled with a gas mixture consisting of 2% hy-
drogen and 98% argon at room temperature. The pressure inside the chamber was elevated
to 0.75 MPa. Subsequently, a variety of heat treatments were conducted to obtain different
hydrogen concentrations and oriented hydrides. It should be noted that the temperature
control thermocouple was positioned at the center of the furnace, and the temperature mea-
surement thermocouple was affixed to the surface of the sample to improve the accuracy of
the temperature measurement. The specific heat treatment processes are detailed in Table 2.

Table 2. Heat treatment parameter of hydrogenation experiment.

Sample Heating Rate
(◦C/min)

Holding
Temperature (◦C) Hold Time (h) Cooling Rate

(◦C/min)

No. 1 5 400 2 2
No. 2 5 500 2 2
No. 3 5 600 2 2
No. 4 10 400 2 2
No. 5 15 400 2 2
No. 6 20 400 2 2
No. 7 5 400 2 5
No. 8 5 400 2 10
No. 9 5 400 2 20

2.3. Microstructure Characterizations

The hydrogen concentrations of the specimens were measured by a hydrogen analyzer
(LECO H836, LECO Corporation, St. Joseph, MI, USA) using an inert gas fusion method,
and the measurement error of the hydrogen analysis was about 0.0200% ± 0.0015%. The
hydride morphology and distribution were observed by optical microscopy (OM, Zeiss
Axio Imager, Carl Zeiss AG, Jena, Germany) and scanning electron microscopy (SEM,
TESCAN MIRA4, Brno, Czech Republic, operated at 20 kV). The hydride orientation factor
(F45

n ) statistics are governed by the ASTM-B811-13 [27], which involves the computation of
the ratio of hydrides that exhibit radial angles of less than or equal to 45◦ and lengths greater
than 1.5 mm in relation to the overall hydride population. To obtain a dependable average
measurement, a systematic approach was employed where three random metallographic
images of hydrides from each sample were chosen for detailed statistical evaluation. The
hydride microstructure and crystallographic orientation were characterized by electron
backscatter diffraction (EBSD, TESCAN AMBER, Brno, Czech Republic). EBSD scans were
conducted with a voltage of 20 kV and a probe current of 2.7 nA using a step size of 0.1 µm.
The hydrogen concentration was measured by cutting a ring with length of 1.5 mm from the
sample after hydrogenation. For microstructural analysis, the samples were all rings with a
length of no more than 10 mm, and the cross section (TD–RD plane) was the observation
plane. For OM observation, the samples were polished and etched in a solution of 10% HF,
10% H2O2 and 80% HNO3. Samples for SEM and EBSD were prepared by the standard
metallographic polishing followed by electrolytic polishing in a solution containing 5%
perchloric acid and 95% ethanol. The electrolyte temperature was maintained at 10 ◦C, and
the voltage set to 25 V.

3. Results
3.1. Influencing Factors of Hydride Orientation Change

Figure 1 shows the hydride morphologies of nine groups of samples under differ-
ent heating rates, hold temperatures and cooling rates. Figure 2 and Table 3 depict the
changes in hydrogen content (WH) and hydride orientation factor (F45

n ) under different
heat treatment conditions. Comparing No. 1 to No. 3 in Figure 1a–c, it is evident that
varying the temperature between 400 ◦C and 600 ◦C does not affect the orientation of the
precipitated hydrides. The hydrides precipitate in a circumferential direction, and F45

n
remains at 0.07. However, the total amount of hydride increased slightly; WH increased



Metals 2024, 14, 1126 4 of 12

from 0.019% to 0.023%. Comparing samples No. 1, No. 4, No. 5 and No. 6 (Figure 1a,d–f),
the heating rate significantly influenced the orientation of precipitated hydrides within
the range of 5 ◦C/min to 20 ◦C/min. As the heating rate increased, the number of ra-
dial hydrides also increased, leading to a significant rise in the F45

n , which escalated from
0.07 to 0.48. Furthermore, there is a substantial increase in the total amount of hydride, WH
increased from 0.019% to 0.046%. The radial hydrides in sample No. 5 are interconnected
to form large-sized radial hydrides, whereas the hydrides near the outer wall in sample
No. 6 exhibit a distribution resembling a “sun spot”. When contrasting samples No. 7,
No. 8 and No. 9 (Figure 1g–i), it becomes clear that cooling rates between 5 ◦C/min and
20 ◦C/min have a significant impact on the size of the precipitated hydrides. With an
increase in cooling rate, the size of the hydrides significantly reduces, leading to reduced
hydride connectivity and a uniform dispersion throughout the zirconium matrix. The
orientation factor of hydrides increases from 0.07 to 0.16, while the overall hydride content
decreases. In conclusion, the primary factor influencing the orientation of the precipitated
hydrides is the heating rate. Therefore, the subsequent focus will primarily be on studying
the microstructural differences between sample No. 0, No. 1 and No. 6.
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Figure 1. Hydride morphologies under different heat treatment conditions. (a) No.1; (b) No.2;
(c) No.3; (d) No.4; (e) No.5; (f) No.6; (g) No.7; (h) No.8; (i) No.9.

Table 3. Hydride orientation factor (F45
n ) and hydrogen content (WH) under different heat treatments.

Sample Heating Rate
(◦C/min)

Cooling Rate
(◦C/min) F45

n WH (%)

No. 1 5 2 0.071 ± 0.0010 0.0190 ± 0.0006
No. 4 10 2 0.122 ± 0.0036 0.0451 ± 0.0010
No. 5 15 2 0.461 ± 0.0032 0.0460 ± 0.0008
No. 6 20 2 0.482 ± 0.0010 0.0464 ± 0.0010
No. 7 5 5 0.070 ± 0.0012 0.0190 ± 0.0006
No. 8 5 10 0.112 ± 0.0006 0.0170 ± 0.0007
No. 9 5 20 0.159 ± 0.0036 0.0149 ± 0.0007
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Figure 2. Hydride orientation factor and hydrogen content under different heat treatments: (a) heating
rate and (b) cooling rate.(The black line represents Fn and the red line represents WH).

3.2. Effect of Heating Rate on Microstructure of Zirconium Alloy Matrix

The orientation of the hydrides in the zirconium alloy is primarily influenced by
grain size and texture. In the absence of stress, the macroscopic orientation of the hydride
is largely determined by the crystallographic texture of the zirconium matrix. Figure 3
illustrates the IPF map of samples No. 0, No. 1 and No. 6. The finished tube sample
(sample No. 0) exhibits a distinct <1210> texture. Following heat treatment at varying
heating rates, there is no significant alteration in the zirconium matrix texture and grain
size. The impact of zirconium matrix texture and grain size on hydride orientation has
been ruled out.
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3.3. Effect of Heating Rate on Microstructure of Hydride
3.3.1. Effect of Heating Rate on Hydride Distribution

Due to the slow cooling rate of 2 ◦C/min, hydride precipitation in zirconium alloys
commonly forms in the δ phase (FCC) [28]. Figure 4 shows the distribution of hydride
precipitation in a zirconium matrix after heat treatment at different heating rates. It is
particularly evident that the heating rate has a considerable influence on the amount of
hydride formation, with sample No. 6 (high heating rate) exhibiting a much higher number
of hydrides compared to sample No. 1 (low heating rate). In sample No. 1, hydrides
were present as individual clusters (Figure 5(a1)) and were distributed circumferentially.
The majority of the hydrides were intra-granular, with a small proportion located at the
grain boundaries. The hydrides within adjacent grains connected with each other, forming
chain-like trans-granular hydrides. In sample No. 6, hydrides were found to be distributed
in “sun spots” along the radial direction of the tube, with a tendency to exist in multiple
clusters near the outer wall. The arrangement of hydrides exhibited two forms: one is the
stacking of several parallel hydride plates, all oriented in the same direction within clusters;
and the other is the stacking of parallel hydride plates with a zirconium matrix visible
between them, showing a slightly different orientation to the hydride cluster (Figure 5(c1)).
Hydrides and hydride clusters were primarily located within the grains, with some of them
also present at grain boundaries, and the outermost hydride of the clusters was inevitably
in contact with the grain boundaries. In the vicinity of the tube inner wall, the number
of hydrides decreased, and they existed in the form of individual clusters (Figure 5(b1)).
Radial hydrides interconnected with circumferential hydrides to form a net-like structure,
and the hydrides were distributed both within the grains and at the grain boundaries. The
distribution of hydrides within and at grain boundaries is statistically presented in Table 4
(expressed as an area ratio). As the heating rate increased, the proportion of hydrides
within the grains significantly decreased, indicating a tendency to precipitate preferentially
at the grain boundaries. It should be noted that due to the clustered presence of hydrides
on the outer side of the No. 6 sample’s tube wall, where the size of the hydride clusters
was similar to the grain size, it was impossible to distinguish their exact location; therefore,
they were not included in the statistics.
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Table 4. Positions of hydrides in zirconium matrix after heat treatment at different heating rates.

Sample Intra-Granular Proportion Inter-Granular Proportion

No. 1 67.19% 32.80%
No. 6-Inside 47.33% 52.67%

3.3.2. Effect of Heating Rate on Hydride Orientation

The predominant orientation relationship between the hydrides and the zirconium
matrix was {0001}α∥{111}δ, <11–20>α∥<110>δ, which is consistent with literature re-
ports [29,30]. Figure 6 illustrates the distribution of the orientation relationship between the
zirconium matrix and hydrides, which aligns with {0001}α∥{111}δ, <11–20>α∥<110>δ after
heat treatment at different heating rates. With the increase of the heating rate (No. 1 < No.
6-Inside < No. 6-Outside), the proportion of phase boundary between the hydrides and
the zirconium matrix, in accordance with orientation relationship, decreased from 81.4% to
72.2%. The heating rate significantly influences the orientation relationship between the hy-
drides and the zirconium matrix. On the other hand, this may be attributed to the increased
proportion of inter-granular hydrides with higher heating rates. Inter-granular hydrides
only maintain an orientation relationship with adjacent single side grains [31]. On the other
hand, at high heating rates, the hydrides nucleate and grow rapidly, leading to a change
in their orientation relationship with the matrix. Therefore, the orientation relationship
between the hydrides and the zirconium matrix at high heating rates was characterized in
detail. As shown in Figure 7, the interface between the hydrides and the zirconium matrix,
which did not correspond to. the {0001}α∥{111}δ, <11–20>α∥<110>δ orientation relation-
ship, was mostly distributed at the grain boundaries. Figure 7b presents a representative
single-cluster hydride that does not conform to the aforementioned orientation relationship
with the substrate. It can be seen from Figure 7e that H2 was located at the grain boundary
of Zr2 and Zr3 grains, with H2 nucleating into Zr3 grain at this boundary. Consequently,
there was no obvious orientation relationship between the left side of H2 and the matrix.
However, the right side of H2 did not align with the {0001}α∥{111}δ, <11–20>α∥<110>δ

orientation relationship, which was due to the overall inconsistency in the orientation of
the H2. As seen in Figure 7(b1), a clear gradient change in color can be observed within the
H2 strip, indicating that H2 rotated around the c-axis from top to bottom. The orientation
relationship between H2 and the matrix is consistent with {0001}α∥{111}δ, but the difference
in direction between <11–20>α and <110>δ is around 14◦.
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Figure 6. Distribution of {0001}α∥{111}δ, <11–20>α∥<110>δ orientation relationship between zirco-
nium matrix and hydrides after heat treatment at different heating rates: (a) outside the tube wall of
sample No. 6; (b) sample No. 1; (c) inside the tube wall of sample No. 6; (d) the pole figure projections
of hydrides and its matrix; and (e) the proportion statistics of {0001}α∥{111}δ, <11–20>α∥<110>δ

orientation relationship.
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4. Discussion
4.1. Effect of Heating Rate on Internal Stress Distribution of Zirconium Alloy Tube

In the scenario of an open-ended zirconium alloy tube, the absence of a pressure
gradient across the wall precludes internal–external pressure-induced stresses. However,
owing to the distinctive heating method, heat was transferred from the outer wall of the tube
to the inner wall, creating a temperature gradient from outside to inside. When the heating
rate was slow, there was sufficient time for heat conduction within the tube, resulting in a
minimal temperature difference between the inside and outside, and relatively low thermal
stress with a more uniform internal stress distribution in the tube. With the increase of the
heating rate, the stress gradient over the thickness will become steeper. At a high heating
rate, direct heating of the outer side of the tube leads to significant thermal expansion, while
delayed heat conduction causes less expansion in the inner layer. This discrepancy leads to
a non-uniform stress distribution over the wall thickness. The outer surface of the tube,
exposed to elevated temperatures, undergoes substantial thermal expansion. In contrast,
the inner surface remains at a relatively lower temperature, exhibiting restricted expansion.
This disparity in thermal expansion generates internal constraints on the outer surface.
Under these conditions, the outer wall is subject to a triaxial stress state. Specifically, the
outer wall experiences radial compressive stresses due to the constraining influence of
the less expanded inner wall. Simultaneously, circumferential tensile stresses arise from
thermal expansion, while axial stresses are considered negligible. Given that radial stresses
are typically minimal, the primary focus is on the development of circumferential tensile
stresses, which display a gradient that decreases radially inward from the exterior to the
interior of the tube, as illustrated in Figure 8.
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4.2. Effect of Heating Rate on Hydrogen Content

The solubility of hydrogen in zirconium alloys is relatively low, with only a few ppm
at room temperature. At 400 ◦C, the solubility of hydrogen in zirconium is 0.024% [32].
However, in the heat treatment process of the hydrogenation experiment, the heating rate
will affect the hydrogen content. As the heating rate increases, the stress gradient along the
wall thickness of the tube intensifies. This leads to a rise in steady-state hydrogen diffusion
flux and an increase in hydrogen content within the zirconium alloy tube, as shown in
Figure 2a [33]. Furthermore, in the presence of high stress gradients, dissolved hydrogen
demonstrates the capability to diffuse towards areas of elevated tensile stress [34]. The
discrepancy in hydrogen content between the outer and inner walls of cladding tubes at
different heating rates (Table 5) serves as evidence supporting this assertion. In the No. 6
sample heated at a rate of 20 ◦C/min, the hydride content is significantly higher on the
outer surface of the cladding tube compared to the inner surface.

When the hydrogen content is low, hydrides exist as individual clusters with a large
distance between them (Figure 5a). As the hydrogen content increases, the nucleation
position of the hydrides shifts, leading to a decrease in the size of hydride plates and their
tendency to aggregate (Figure 5b). A further increase in hydrogen content results in larger
hydride plates and increased aggregation (Figure 5c), forming coarse hydride clusters. It is
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worth nothing that local hydrogen concentration is anticipated to govern the brittleness
and failure of cladding hydrides, rather than the average hydrogen concentration [35].

Table 5. Area ratio of inner and outer hydride of zirconium alloy tube at different heating rates.

Sample Region No. 1 No. 4 No. 6

Outside 9.38% 14.05% 23.04%
Inside 10.58% 12.25% 10.77%

4.3. Effect of Stress Distribution on Hydride Reorientation

In this experiment, the hydrogen content in the zirconium alloy increases as the
heating rate rises, from 0.019% to 0.046%. This increase significantly exceeds the solid
solubility of hydrogen in the zirconium alloy. According to the hydride precipitation and
dissolution as a function of temperature (Figure 9) [36], it is evident that for sample No. 1
with a hydrogen content of 0.019%, hydrogen will be fully dissolved into the matrix during
heating and holding processes and subsequently precipitated as a hydride during cooling.
However, for samples No. 4, No. 5 and No. 6 with a much higher hydrogen content than
TSSP, around 0.033% of hydrogen atoms are dissolved into the matrix during heating and
holding processes; the remaining hydrogen exists in hydrides and precipitates again during
subsequent cooling processes. Only the dissolved hydrides undergo reorientation upon
precipitation [5]. Therefore, radial hydrides in samples 4, 5 and 6 predominantly originate
from supersaturated-hydrogen-formed hydrides during heating processes. The hydrides
demonstrate a stress orientation effect and tend to redistribute in a direction perpendicular
to the tensile stress. As the tube forms a stress distribution during the heating process,
as shown in Figure 8, radial hydride formation occurs from outer to inner regions, and
the proportion of radial hydrides exhibits a decreasing trend. The observed reduction in
the radial hydride ratio near the inner surface of the tube may be attributed to the low
hydrogen content and the minimal circumferential stress, which is insufficient to trigger
hydride reorientation behavior. As the heating rate escalates, the thermal gradient within
the tube wall intensifies, leading to an elevation in the tensile stresses generated by the
thermal expansion. Consequently, an increase in the heating rate is accompanied by a rise
the fraction of radial hydrides and an enhancement of the hydride orientation parameter
for the tube (Figure 2a).
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At high heating rates, the hydride in the tube exhibited a macroscopic radial dis-
tribution, and the proportion of radial distribution also increased for the single hydride
plate. This was accompanied by the disruption of the {0001}α∥{111}δ, <11–20>α∥<110>δ

orientation relationship between the hydride and the substrate. The breakdown of crys-
tallographic orientation relationship between the hydride and the matrix is a significant
precursor to hydrogen-induced cracking and damage evolution. On the one hand, the
fracture of the orientation relationship is attributed to an increase in the proportion of
inter-granular hydrides, with inter-granular hydrides exerting a greater influence on the
zirconium alloy plasticity than intra-granular ones. On the other hand, due to the rapid
nucleation and growth of hydrides, their orientation relationship with the matrix becomes
less distinct. The compatibility of hydrides with matrix orientation is poor, leading to stress
concentration at the interfaces and facilitating crack initiation and propagation.

5. Conclusions

In this study, the effect of heat treatment on the hydride reorientation behavior under
non-stress loading was investigated. The following conclusions can be drawn:

(1) With an increase in heating rate, the size and proportion of radial hydrides within the
zirconium alloy envelope increase, leading to the formation of macroscopic hydrides
resembling “sun spots”. Conversely, as the cooling rate increases, uniformly dispersed
hydrides are formed.

(2) The high heating rate induces the cladding tube to form an uneven stress gradient
along the heat transfer direction, resulting in hydrogen diffusion to the high-stress
region and precipitation perpendicular to the tensile stress direction.

(3) The hydride and substrate exhibit the orientation relationship {0001}α∥{111}δ,
<11–20>α∥<110>δ. As the heating rate increases, the orientation relationship is dis-
rupted, making it easier for cracks to form.
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