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A B S T R A C T   

Grain boundary characteristics play a crucial role in the formation of intergranular hydrides, which may cause 
brittle fracture in zirconium alloys. However, the impact of grain boundary character on microscopic hydride 
precipitation remains unclear. Here, we investigate the nucleation and precipitation of intergranular hydrides in 
zirconium by using In-situ transmission electron microscopy observations and post-precipitation electron 
backscattered diffraction analysis. The nucleation of intergranular hydrides is highly dependent on the inter
acting angle (αGB-BP) between the grain boundary plane and the basal plane. For low-angle grain boundaries, 
hydrides prefer to grow into the grain interior when the αGB-BP is less than 60◦, otherwise, no hydride precipi
tation occurs. For high-angle grain boundaries, hydrides nucleate along the grain boundary when the αGB-BP is 
less than 39◦. As the αGB-BP increases, hydrides grow into the grain interior. A thermodynamic model is developed 
to analyze the nucleation of needle-shaped hydrides. The variation of the intergranular hydride as a function of 
the grain boundary energy and the αGB-BP is predicted. This finding provides new insight into utilizing grain 
boundary engineering to modulate intergranular hydride precipitation and offers a pathway to control hydrogen 
embrittlement in zirconium alloys.   

1. Introduction 

Zirconium (Zr) alloys are widely used as fuel cladding tubes and 
pressure vessels in pressurized water nuclear reactors due to their 
attractive performance with a low thermal neutron capture cross- 
section, excellent corrosion resistance, high strength and creep resis
tance [1]. Zr alloys have a high affinity for hydrogen and readily uptake 
hydrogen in an acidic or hydrogen-rich environment [2]. Hydrogen has 
a very low solid solubility of less than 20 ppm at room temperature in Zr, 
and once the solid solubility of hydrogen is exceeded, brittle hydrides 
are widely precipitated in Zircaloy [2]. Due to the detrimental me
chanical effects caused by the brittle hydrides on fuel cladding and 
pressure tubes, the precipitation behavior of Zr hydrides and their 
embrittlement effects have drawn broad research interest in the past 
decades [3–7]. 

Two types of hydrides are commonly observed in polycrystalline Zr 
alloys, intragranular hydrides and intergranular hydrides, which are 
classified based on their precipitation sites [8–16]. Individual intra
granular hydrides show either needle shape or disc shape with a growth 

direction parallel to <1120> in the hexagonal close-packed (HCP) Zr 
lattice, and with the habit plane of (0001) under an equilibrium con
dition or reoriented to one of the pyramidal planes or prismatic planes 
under external tensile stress [5,9,10]. In contrast, the morphology of 
intergranular hydrides varies: (i) Some hydrides initiate at the grain 
boundary (GB), and grow into one or two adjacent grains; (ii) Some 
hydrides precipitate along the GB [11-14]. The majority of intergranular 
hydrides appear as plate-like or ellipsoidal shapes, have a size of several 
micrometers, and maintain a similar orientation relationship with the 
matrix as the intragranular hydrides [11–15]. However, intergranular 
hydrides are more deleterious to ductility than intragranular hydrides 
because they are the initiators of intergranular cracking [17]. 

Intergranular hydride precipitation is influenced by the character
istics of GBs. The dependence of intergranular hydrides on the crystal
lographic features of GBs has been assessed using a variety of 
parameters, including crystallographic orientation of the rotation axes 
and angles (axis-angle pair), interacting angle (αGB-BP) between the GB 
and the basal plane (BP), c-axis misorientation, and coincident site lat
tice (CSL) notations [8–18]. Nonetheless, some contradictory findings 
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exist. Intergranular hydrides are thought to form preferentially on some 
specific GBs, such as GB planes parallel to the (0001) plane [12,17] or 
having an angle of 35–40◦ or 60–75◦ to the basal plane of adjacent grains 
[8]. In contrast, some results showed that intergranular hydrides pre
cipitate on all types of GB in terms of the angle between GB and the basal 
plane [13]. Other researchers have found that intergranular hydrides are 
more likely to form on GBs with higher CSL values because they have 
higher GB energies, which favor hydride nucleation [17,18]. Never
theless, some low-energy coherent GBs have been reported to be the 
preferred nucleation sites for intergranular hydrides, such as {1012} 
<1011> twin boundaries [19]. An additional parameter to characterize 
the properties of GBs is the c-axis misorientation. It has been reported 
that intergranular hydrides preferentially precipitate when the c-axis 
misorientation is less than 40◦ or greater than 80◦ [13]. Recent research 
revealed that GBs with c-axis misorientations between 55◦ and 60◦ are 
also preferred precipitation sites for subsurface intergranular hydrides 
[14]. As of yet, there is no agreement on the correlation between the 
characteristics of GBs and the preferential precipitation of intergranular 
hydride. 

Electron backscattered diffraction (EBSD) can be used to determine 
the orientation relationship among intergranular hydrides, GBs, and 
matrix. However, the statistical results of intergranular hydrides may be 
somewhat limited because the observed mesoscopic hydrides are 
composed of multiple submicron hydrides [14,16,20]. After nucleation 
within or close to the GBs, individual hydride may expand or stack, 
thereby establishing a connection to the GBs [12]. If the nucleation of a 
single intergranular hydride can be captured, it is easier to get a clear 
relationship between GB character and intergranular hydrides. In-situ 
observation of hydride precipitation inside a transmission electron mi
croscope (TEM) or using high-energy synchrotron X-ray diffraction are 
thought to be more efficient methods to identify the initiation site of 
hydride nucleation [21–23]. However, observing the nucleation of 
intergranular hydrides in real-time remains a challenge and has not yet 
been reported. 

In this work, we employ in situ TEM to investigate the nucleation and 
precipitation of intergranular hydrides at room temperature. In pure Zr, 
hydride nucleation can be easily triggered in an electron-polished 
sample by electron beam irradiation [23]. Post-precipitation EBSD 
analysis can be used to analyze the characteristics of low-angle grain 
boundaries (LAGBs) and high-angle grain boundaries (HAGBs), as well 
as the orientation of Zr matrix. Using this method, we conducted a 
systematic investigation into the nucleation and precipitation of inter
granular hydrides in Zr. A thermodynamic model is also proposed to 
rationalize the precipitation of needle-shaped hydrides at GB. The cor
relation between GB character and intergranular hydrides is discussed. 

2. Experimental methods 

2.1. Sample preparation 

High-purity Zr (>99.99 wt.%) with low quantities of trace elements 
was used in this experiment. The Zr plate underwent cold rolling with a 
23 % reduction and annealing at 600 ◦C for 8 h to achieve an equiaxed 
grain structure. The final average grain size is 5.19 μm (measured by 
EBSD). All samples subjected to heat treatments were sealed in an 
alundum tubular furnace (GSL-1400X) under a vacuum of less than 2 ×
10–4 Pa. Thin foils for TEM observation were first cut from the bulk piece 
and mechanically ground to a final thickness of 50 μm, and subsequently 
electro-polished using a solution of 10 % perchloric acid in ethanol at a 
voltage of 25 V at − 30 ◦C for 5 min. After electro-polishing, the samples 
were repeatedly dipped in the alcoholic solution to remove the residual 
acidic liquid and then transferred into TEM for in-situ observation. 

2.2. In-situ observation inside TEM 

In-situ observation experiments were carried out using a double-tilt 
holder inside a JEOL 2100F TEM at room temperature. The selected 
area with a thickness of 130±20 nm was irradiated by a 200 kV electron 
beam with a beam density of 20 pA cm-2 during the in-situ observation. 
After being exposed to the electron beam for a few seconds, hydrides 
begin to nucleate in Zr [23]. Real-time hydride nucleation and growth 
were recorded by a charge-coupled device camera at 10 frames per 
second. More than 10 samples were explored using this method. The 
sample thickness was obtained by measuring cross-sectional thickness in 
a scanning electron microscope (SEM) after TEM and EBSD 
characterization. 

2.3. Microstructure characterization 

After hydride precipitation, the morphology of intergranular hy
drides was characterized by TEM. The orientation of grains and the 
crystallographic plane of GBs were determined based on the selected 
area diffraction patterns (SADF). Once the GB plane was determined, the 
αGB-BP between the GB normal and [0001] direction (αGB-BP) was 
calculated with the assistance of the CrystalMaker software. GB char
acteristics were determined by EBSD in the FEI Helios NanoLab dual- 
beam system with an Oxford Nordlys detector. The EBSD scans uti
lized an electron beam with an accelerating voltage of 30 kV and a probe 
current of 2.7 nA with a step size of 130~185 nm. The inverse pole 
figure (IPF) and crystal orientation were post-processed using Channel 5 
software and Aztec HKL software. The misorientation and tilt axes were 
determined from the Euler angles of adjacent grains. LAGBs are defined 
as the GBs with a misorientation angle between 0◦ and 15◦, and HAGBs 
refer to the GBs with a misorientation angle above 15◦ More than 140 
GBs were analyzed regarding to GB plane, interacting angle between GB 
and BP (αGB-BP), and misorientation angle-axis pair. Selected GBs with 
the same rotation axis are listed in Table 1. 

3. Results 

3.1. Morphology of hydrides 

Fig. 1(a) shows the representative microstructure of the 

Table 1 
Hydride precipitation on GBs with different rotation axes and angles.  

Rotation 
axis 

Rotation angle (◦) Hydride 
precipitation 

<1010> 85.77 Type-a 
<1010> 19.56/44.84/77.36/73.7/79.43 Type-b 
<1010> 55.2 No hydrides 
<2110> 38.43//61.74 Type-a 
<2110> 34.27/35.37/80.77/89.4 Type-b 
<2110> 27.59/51.7 No hydrides 
<8443> 13.66/39.13/52.48/53.89 Type-a 
<8443> 17.28/20.25/21.98/29.61 Type-b 
<8443> 55.26/56.11/61.57 No hydrides 
<7253> 26.91/31.84/49.79/57.7 Type-a 
<7253> 44.09/60.65/65.96/69.56/71.24/72.5 Type-b 
<7253> 5.07/12.93/25.02 No hydrides 
<7250> 12.99/24.18/26.05 Type-a 
<7250> 21.13/33.04/38.94/44.36/51.0978.51// 

89.18 
Type-b 

<7250> 16.28/21.88/57.81 No hydrides 
<5140> 73.9 Type-a 
<5140> 7.71/82/89.75 Type-b 
<5140> 77.86/82.12 No hydrides 
<5143> 28.44/34.22/57.97 Type-a 
<5143> 41.87 Type-b 
<5143> 37.36/53.14/57.18 No hydrides  
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recrystallized high-purity Zr. The initial microstructure is free of hy
drides and dislocations. After 20 s of electron beam irradiation, several 
hydrides precipitate within grain A. Two larger hydrides nucleate at the 
GB1, one growing along the GB and the other growing from the GB into 
the grain A, as shown in Fig. 1(b) and Movie S1. No hydrides are 
detected on GB2 to GB7. In order to determine the GB plane, the sample 
is tilted to make the GB plane with an edge-on position [24]. When the 
GB1 plane is on the edge-on position, the beam direction is parallel to the 
[0112] direction of grain A, as indicated by the diffraction pattern in 
Fig. 2(b). Crystallographic analysis indicates that the GB1 is parallel to 
the (2534) plane in grain A. Fig. 1(c) plots the orientation of the GB1 
plane in an HCP lattice. The αGB-BP between the GB1 plane and the basal 
plane (BP) is 63.5◦ The misorientation angle between grain A and grain 
B is 37.1◦ The details of grain orientations, misorientation angles, and 
tilting axes of GB2-GB7 are shown in Fig. 1(d). 

Fig. 2a shows the morphology of two types of intergranular hydrides 
when the GB is in the top-view position. The hydrides lying on GB are 

marked as type-a, while those hydrides growing from GB into grain are 
named type-b. Type-b hydrides have the same habit plane (0001) and 
growth direction <2110> as the intragranular hydrides, as indicated by 
the diffraction pattern in Fig. 2(a2). The sample is tilted 24◦ to make the 
GB plane parallel to the beam direction (Fig. 2(b1)). According to the 
diffraction pattern in Fig. 2(b2) and Fig. 2(b3), the GB is not parallel to 
the (0001) plane of any adjacent grains. Type-a hydride is close to the 
grain A side of the GB. The tips of type-a hydride are surrounded by 
dislocations [23]. In this study, type-a or type-b hydrides on the GBs can 
be easily determined according to their morphologies. See details in 
Table 1. 

3.2. Intergranular hydrides at LAGBs 

Twelve LAGBs are detected and the hydride precipitation on parts of 
these LAGBs are shown in Fig. 3. The IPF maps in Fig. 3(a1) to Fig. 3(a6) 
display the orientation of grains and GB misorientation angles. Fig. 3 

Fig. 1. In-situ observation of the hydride precipitation in recrystallized pure Zr and their correlation with grain boundary (GB) characteristics. (a) No hydrides and 
dislocations inside grains and on the GBs before electron-beam irradiation. (b) In-situ observation of intergranular and intragranular hydride nucleation after 
electron-beam irradiation. (c) Determination of Miller indices of GB plane and intersection angle between GB and BP. (d) Misorientation angle and rotation axes of 
GB according to EBSD scan. 
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(b1-b6) shows the types of hydrides at LAGBs after precipitation. Nano- 
sized hydrides nucleate near the GB when the GB misorientation is 4.4◦, 
as shown in Fig. 3(b1) and Movie S2. No further hydrides nucleate on 
this GB thereafter. Further, no hydrides form on GBs with misorientation 
angles of 5.5◦ and 13◦, as shown in Fig. 3(b2) and Fig. 3(b5). Instead, 
some intragranular hydrides nucleate in the interior of the grain in Fig. 3 
(b5). Type-b hydrides were observed when the GB misorientation angle 
is 10◦ and 11.4◦, as shown in Fig. 3(b3) and Fig. 3(b4). For a GB 
misorientation angle of 13.5◦, both type-a and type-b hydrides precipi
tate, as shown in Fig. 3(b6). The crystallographic planes of GBs in Fig. 3 

are determined and marked by white dashed lines in Fig. 3 (b1-b6). The 
αGB-BP between the GB and BPs of two adjacent grains are also calcu
lated. The calculated αGB-BP and crystallographic plane for each LAGB 
are listed in Table 2. 

Specific crystallographic planes are thought to be the preferred 
nucleation sites for intergranular hydrides [11,12]. Here, we project the 
normal of all the LAGB planes in an IPF map in Fig. 4(a), which reflects 
the relationship between the GB planes and the specific crystallographic 
planes, such as (0001), {1010} and {2110}. The GB planes of two 
adjacent grains are labeled with the same color and with a rod 

Fig. 2. TEM images showing the morphology of the intergranular and intragranular hydrides. (a1) Type-a and type-b hydrides on a GB with top-view position. (a2) 
Diffraction pattern of grain A in (a1). (a3) Diffraction pattern of grain B. (b1) Enlarged images showing type-a and type-b hydrides on the same GB with edge-on 
position. (b2) Diffraction pattern of grain A in (b1). (b3) Diffraction pattern of grain B in (b1). 
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connection. The numbers labeled on the circles correspond to the GBs 
listed in Table 2. No hydrides are observed on GBs labeled 1–8 (see gray 
circles). Either type-a or type-b hydrides precipitate on GBs with 
numbers of 9–12 (see blue circles). We found no fixed relationship be
tween the hydride precipitation and specific crystallographic planes. 
The relationship between hydride types and the LAGB misorientation 
angles is plotted in Fig. 4b. No intergranular hydrides are detected when 
the LAGB misorientation angle is less than 10◦. When the misorientation 
angle becomes larger, either type-b or type-a hydrides precipitate. 
Fig. 4c further highlights the hydride precipitation versus the αGB-BP. 
Most GBs with αGB-BP between 60◦ and 90◦ have no hydride 

precipitation. Type-b hydrides form on the GB with αGB-BP between 30◦

and 60◦ Only one type-a hydride is detected and the αGB-BP is nearly 30◦

(Fig. 3(b6)). Hydride nucleation on LAGBs depends on both the misori
entation angle and the αGB-BP. A misorientation angle between 10◦ and 
15◦ or the αGB-BP less than 60◦ is favorable for the intergranular hydride. 

3.3. Intergranular hydrides at HAGBs 

Fig. 5 displays the precipitation of intergranular hydrides on HAGBs 
with [0110] rotation axis at different misorientation angles. At the 
misorientation angles of 19.6◦,44.8◦, 77.4◦ and 79.4◦, type-b hydrides 

Fig. 3. Hydride precipitation at SAGBs with different axis-angle pairs: (a1) [11 10 1 9],4.4◦, (a2)[7253], 5.5◦, (a3)[0110],10◦, (a4)[2243],11.4◦, (a5) [7253],13◦ and 
(a6)[2756],13.5◦ TEM images showing hydride precipitation at the SAGBs with various crystallographic planes. (b1) A small hydride precipitated near the GB. (b2) No 
hydrides precipitate on the GB. (b3) Type-a hydrides precipitate on the GB. (b4) Type-b hydrides precipitate on the GB. (b5) No hydrides precipitate on the GB. (b6) 
Both type-a and type-b hydrides precipitate on the GB. Numbers in white parentheses mark the crystallographic planes. 

Table 2 
Characteristics of SAGBs with hydride precipitation in Fig. 3.  

GB No. Rotation vector (axis/angle) GB plane αGB-BP(◦) Hydride precipitation 

1 [11 10 1 9]/4.38◦ (2021)//(1010) 75.39/76.4 No hydrides 
2 [2579]/4.94◦ (3032)//(13 60 73 48) 70.1/68.8 No hydrides 
3 [5273]/5.07◦ (0110)//(0551) 90/83.7 No hydrides 
4 [7253]/5.51◦ (2 15 13 1)//(20 7 27 24) 87.8/74.8 No hydrides 
5 [4150] /7.71◦ (11 15 4 12)//(10 5 5 9) 60.2/74.2 No hydrides 
6 [2310] /9.26◦ (5 10 5 4)//(9 8 17 2) 75.4/82.3 No hydrides 
7 [7253]/12.93◦ (7526)//(12 10 2 7) 62.4/71.1 No hydrides 
8 [54112]/13.87◦ (2353)//(1231) 69.5/73 No hydrides 
9 [7250]/12.99◦ (0112)//(0226) 42.6/31.5 Type-a 
10 [0110] /10◦ (4130)//(4131) 90/81.4 Type-b 
11 [2243]/11.4◦ (10 1 9 20)//(10 2 8 11) 41.3/56.8 Type-b 
12 [2756]/13.51◦ (23 2 25 35)//(22 3 25 34) 51.7/51.3 Type-b  
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are formed on GBs, as shown in Fig. 5(b1), Fig. 5(b2), Fig. 5(b4) and 
Fig. 5(b5)). No hydrides are detected on the GBs with a misorientation 
angle of 55.2◦ (Fig. 5(b3)), where the αGB-BP of two adjacent grains are 
63.6◦ and 89◦, respectively. At the misorientation angle of 85.8◦, type-a 
hydrides precipitate along the GBs (Fig. 5(b6)). Similarly, the HAGBs 
with [2110] rotation axis are displayed in Fig. 6. No hydrides are found 
on the GBs with the misorientation angles of 27.6 ◦ and 51.7◦ (Fig. 6(b1) 
and (b4). For misorientation angles of 34.3 ◦ and 80.8◦, type-b hydrides 
form on the GBs, as shown in Fig. 6(b2) and Fig. 6(b6)). Some disloca
tions are emitted from the hydride tip and wrap around the hydride (see 
Fig. 6(b2) and Movie S3). A stress field contrast is generated on the other 
side of the GB (Fig. 6(b2) and Fig. 6(b6)). Type-a hydrides formed on GBs 
have misorientation angles of 38.4◦ and 62.2◦, as displayed in Fig. 6(b3) 
and Fig. 6(b5)). No clear correlation is observed between the misorien
tation angle of HAGBs and the nucleation of intergranular hydrides. 

The interacting angles between BPs and HAGBs with rotation axes 
[0110] and [2110] are determined, as shown in Fig. 7. There is a close 
relationship between hydride precipitation and the αGB-BP. For GBs with 
[0110] rotation axis, intergranular hydrides prefer to nucleate on GBs 
with αGB-BP less than 70◦ When αGB-BP is less than 39◦, the GB prefers to 
form type-a hydrides, while the GB forms type-b hydrides when αGB-BP 
falls between 39◦ and 70◦. The GBs are free of hydrides when the αGB-BP 

is greater than 70◦. A similar trend is also found for GBs with [2110] 

rotation axis. Type-a hydrides are preferentially formed on GBs with αGB- 

BP less than 40◦. Type-b hydrides are formed on GBs with αGB-BP between 
40◦ and 60◦. No hydride forms on GBs with αGB-BP larger than 60◦ (Fig. 7 
(b)). In short, intergranular hydride nucleation on HAGBs depends on 
αGB-BP. The remaining HAGBs in Table 1 are also analyzed in terms of 
αGB-BP. The distribution exhibited an analogous trend to that depicted in 
Fig. 7. 

4. Discussion 

4.1. Thermodynamic model of needle-shaped hydride precipitation 

According to in-situ TEM observations (Movie S1), two distinct 
needle-shaped intergranular hydrides are identified (Fig. 1 and Fig. 2). 
The formation of type-a or type-b hydride depends on the αGB-BP ac
cording to the statistical analysis in Fig. 4 and Fig. 7. To assess the effect 
of the αGB-BP on the precipitation of intergranular hydrides, a 
thermodynamic-based nucleation model is proposed. The effect of GB 
characteristics on the nucleation of plate-shaped δ hydrides has been 
described in previous research [25]. The model of the intergranular 
δ-hydrides nucleus is based on a spherical precipitate without consid
ering the surface energy anisotropy of the hydride [25–27]. However, 
the shape of the precipitate (spheroid, needle, or plate) determines the 
kinetic factor of nucleation [28,29]. Here, we developed a 

Fig. 4. (a) SAGB plane orientations in an IPF map: the same number represents GB planes of two adjacent grains. Statistical analysis of hydrides at SAGBs as a 
function of (b) axis misorientation and (c) αGB-BP. Blue circles in (c) mean the GB side with hydrides and red circles stand for the GB side free of hydrides. 

Fig. 5. Hydride precipitation at HAGBs with [1100] rotation axis and different rotation angle: (a1) 19.56◦, (a2) 44.84◦, (a3) 55.2◦, (a4) 77.36◦, (a5) 79.43◦ and (a6) 
85.77◦ The corresponding TEM images showing hydride precipitation at GBs. (b1) Type-b hydrides on GB1. (b2) Type-b hydrides on GB2. (b3) No hydrides on GB3. 
(b4) Type-b hydrides on GB4. (b5) Type-b hydrides on GB5. (b6) Type-a hydrides on GB6. 

S.-M. Liu and W.-Z. Han                                                                                                                                                                                                                      



Acta Materialia 276 (2024) 120120

7

Fig. 6. Hydride precipitation at HAGBs with [1210] rotation axis and different rotation angle: (a1) 27.6◦, (a2) 34.3◦, (a3) 38.4◦, (a4) 51.7◦, (a5) 61.7◦ and (a6) 80.8◦

The corresponding TEM images showing hydride precipitation at GBs. (b1) No hydrides on GB1. (b2) Type-b hydrides on GB2. (b3) Type-a hydrides on GB3. (b4) No 
hydrides on GB4. (b5) Type-a hydrides on GB5. (b6) Type-b hydrides on GB6. 
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thermodynamic model to describe the nucleation of needle-shaped 
γ-hydride according to experimental observations. 

Fig. 8(a) shows the typical morphology of needle-shaped intra
granular hydride according to TEM observations, type-a and type-b 
intergranular. The schematics of the three types of hydrides are 
plotted in Fig. 8(b). The formation energy of the hydride nucleus ΔG is 

given by [29]: 

ΔG = ΔGv + ΔGs − ΔGGB/ΔGvac (1)  

which is composed of three terms: the contribution of the bulk free 
energy of transformation ΔGv, including the chemical free energy for 
nucleation from solid solution and the elastic strain energies, the 

Fig. 7. Analysis of hydrides at HAGBs with (a) [1100] rotation axis and (b) [1210] rotation axis as a function of αGB-BP. Blue circles represent the GB side with 
hydrides and red circles stand for the GB side free of hydrides. 

Fig. 8. The shape of intragranular and intergranular hydride nuclei. (a1) Intragranular hydrides, (a2) Intergranular hydrides growing along GB (type-a), and (a3) 
Intergranular hydrides growing from GB to parent grain (type-b). (b1) Model of needle-shaped intragranular hydrides lying on the basal plane. (b2) Model of type-a 
hydride lying on the GB. (b3) Model of type-b hydride lying on the basal plane and interacting an angle αGB-BP with GB. 
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interfacial energy ΔGs between the matrix and the hydrides, and the 
energy provided by nucleation sites such as ΔGGB for GBs or ΔGvac for 
vacancy clusters. 

For intragranular hydrides, the long axis is parallel to the <1120>
direction of the Zr matrix. We assume the tip of the needle-shaped hy
dride is a hemispheroid, and the middle part of the hydride is a cylinder, 
with radius c and length 2a, as illustrated in Fig. 8(b1). The area of the 
hydride side surface is Sss = 4πac, and the area of hydride end surface is 
SES = 2πc2. In this way, the calculation of the total interfacial energy can 
be simplified [27]. According to the HR-TEM characterization of the 
interface between the hydride and the matrix [23], the two end faces 
associated with the production of dislocations are incoherent and have a 
specific interfacial energy γi. While the surface of the cylinder along the 
long axis remains semi-coherent with the matrix and has an interfacial 
energy γc [23,27–30]. The total free energy ΔG for the heterogeneous 
nucleation of intragranular hydride with volume V = 4

3 πc3 + 2πac2 can 
be expressed as [27]: 

ΔGintra = V(Δgstrain − Δgchem) + 4πacγc + 4πc2γi (2)  

where Δgchem is the absolute value of the Gibbs free energy of trans
formation per unit volume, Δgstrain is the elastic strain energy per unit 
volume due to lattice mismatch and can be estimated by Δgstrain =

6μαγε2

α(γ− 1)+1 [25], where α = (1 + υ)/3(1 − υ), μ is the shear modulus (33.82 
GPa), υ is Poisson’s ratio, γ is the ratio of the bulk modulus of the hydride 
to that of the matrix (γ=12/13.5), and ε is the misfit strain between the 

hydride and matrix. In the absence of additional hydrogen charging and 
relaxation of the sample surface, Δgchem=1.649 × 108 J/m3 and Δgstrain 
=1.236 × 108 J/m3 for pure Zr without external stress [25]. The critical 
dimension of the nucleus ak and ck is a result of surface energy term 
dominance, which yields [27]: 

ak = −
3γi

Δgstrain − Δgchem
(3)  

ck = −
3γc

Δgstrain − Δgchem
(4)  

where the γc is set to 0.05 J/m2 and γi equals 0.5 J/m2 based on inter
facial energy calculations [20,25]. One can obtain ak = 36 nm and ck =

3.6 nm. 
For type-a hydrides, the long axis is parallel to the GB plane (Fig. 8 

(a2)). The hydrides on GBs have higher interfacial energy because they 
have no fixed orientation relationship with both neighboring grains. 
Assuming that the interfacial energy of type-a hydride can be divided 
into a coherent part and an incoherent part according to the αGB-BP, thus 
the end surface energy γES of type-a hydride can be expressed by 
(γicosαGB− BP + γcsinαGB− BP), while the side surface energy γSS along the 
long axis is (γisinαGB− BP + γccosαGB− BP) [31]. The variation of γES and γSS 
as a function of αGB− BP are plotted in Fig. 9(a), ranging from 0.05 J/m2 to 
0.5 J/m2. When αGB− BP = 0∘, γES = γi and γSS = γc. The contact area 
between hydride and GB is SGB=

(
4ac+πc2) according to Fig. 8(a2). The 

GB strain energy is assumed to be the same for different types of GB 
because the surface relaxation relief parts of misfit strain reduce their 

Fig. 9. Formation energy for intragranular and intergranular hydrides. (a) Variation of the surface energy of type-a hydride with the interacting angle between BP 
and GB. Nucleation energy of the intragranular and intergranular hydrides with GB energy of (b) 0.04 J/m2 for SAGB, (c) 0.5 J/m2 and (d) 1 J/m2 for LAGB, 
respectively. 
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difference, thus we used the same strain energy for all hydrides either on 
GBs or in the interior of the grain [27]. Therefore, the total free energy 
for type-a hydrides can be expressed as: 

ΔGtype− a = V
(
ΔgGB

strain − Δgchem
)
+ 4πcaγSS + 4πc2γES − SGBγGB (5)  

where γGB is the GB energy. 
For type-b hydrides, the long axis is parallel to the <1120> direction, 

which is the same as intragranular hydrides. Therefore, the surface en
ergy along the long axis is γc. According to the projection of type-b hy
dride on the inclined GBs in Fig. 8(a3), the intersecting surface between 
hydride and GB is simplified as an ellipse in the model, as shown in Fig. 8 
(b3). The contact area is SGB = πc2

sinαGB− BP 
when αGB− BP ≥ arctan c

a and SGB 

= a
cosαGB− BP

(

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

c2 − (atanαGB− BP)
2

√

+2c
)

when αGB− BP < arctan c
a. The 

energy of elliptical end surface γES can be written as (γisinαGB− BP +

γccosαGB− BP) because the interface between the hydride and GB is ex
pected to be incoherent [31]. Assuming that the type-b hydride has a 
same critical nucleus volume as type-a and intragranular hydride, the 
side surface area SSS is expressed as (4

3 πc2 + 4πca). Thus, the total free 
energy of type-b hydrides is: 

ΔGtype− b = V
(
ΔgGB

strain − Δgchem
)
+ SSSγc + 2πc2γi + SGB(γES − γGB) (6) 

The energy of symmetric tilt LAGBs ranges from 0.04 J/m2 to 0.5 J/ 
m2 and symmetric tilt HAGBs ranges from 0.5 J/m2 to 1 J/m2 with tilt 
axes [0001], [1100] and [1210] [32–35]. For a quantitative analysis, 
the LAGB energy is set to 0.04 J/m2 and 0.5 J/m2, and the HAGB energy 
is considered to be 1 J/m2 in this study. 

4.2. Effect of GB energy on intergranular hydride precipitation 

Using the above model, the nucleation energy of three types of hy
drides with different GB energy is calculated, as shown in Fig. 9(b) to 
(d). Intragranular hydrides have constant nucleation energy because 
their formation is independent of GB energy and GB characteristics. The 
nucleation energy of type-a and type-b hydrides increases with the 
enhancement of αGB-BP. Both type-a and type-b hydrides have the same 
nucleation energy when αGB-BP=0◦, where the GB plane is parallel to 
(0001). For LAGBs, when γGB=0.04 J/m2 (Fig. 9(b)), the type-b hydride 
has a much lower nucleation energy than type-a hydrides, and a similar 
nucleation energy with intragranular hydrides. As γGB increases to 0.5 J/ 
m2 (Fig. 9(c)), the nucleation energies of type-a and type-b are almost 
equal when αGB-BP is less than 15◦ When αGB-BP is greater than 15◦, type- 
b has lower nucleation energy than both intragranular and type-a hy
drides. The model shows that type-b hydrides on LAGBs and intra
granular hydrides are energetically favorable. Increasing the GB energy 
is beneficial to nucleate type-a hydrides. These predictions are consis
tent with the statistical results in Fig. 4(b). 

When γGB=1 J/m2 (Fig. 9(d)), the nucleation energy of intergranular 
hydrides becomes negative, suggesting that HAGBs with a higher energy 
promote intergranular hydride precipitation [17]. An αGB-BP transition 
appears at 39◦ Below 39◦, type-a hydrides have a lower nucleation en
ergy than type-b hydrides, indicating that type-a hydrides prefer to 
form. Otherwise, type-b hydrides prefer to nucleate on the GB. Such 
regulation is consistent with our experimental observations in Fig. 5 to 
Fig. 7. Notably, when αGB-BP is less than 5◦, the nucleation energy of 
type-b is nearly the same as type-a hydrides because they have a similar 
contact area with the GB and interfacial energy. In practice, the strain 
energy on the GBs differs from that in the matrix. Therefore, the influ
ence of varying strain energies on the nucleation of intergranular hy
drides has been calculated in the same method. Our findings indicate 
that the above-mentioned conclusion remains valid when ΔgGB

strainvaries 
from 3.9 × 106 J/m3 to 1.5 × 108 J/m3. The intragranular hydrides are 
assumed to nucleate homogeneously in the energy calculation. Hence 
the formation energy of intragranular hydrides is higher than that of 

intergranular hydrides, as indicated by green lines in Fig. 9. In fact, 
vacancy clusters induced by electron beam irradiation promote the 
intragranular hydride nucleation [23,36,37]. In-situ experiments also 
show that many intragranular hydrides precipitate together with the 
formation of intergranular hydrides (see Movie S1). We believe that 
these phenomena are related to defect-mediated intragranular hydride 
precipitation. 

4.3. Effect of GB character on intergranular hydride precipitation 

4.3.1. Role of GB plane orientation 
The orientation of the GB plane is one of the important factors 

affecting intergranular precipitation [38]. It has been reported that the 
hydrides tend to precipitate on GBs parallel to (0001) or (101i) (i =
0~7), which are common habit planes of the hydrides [12,13]. How
ever, after plotting the orientations of LAGB planes in the IPF map 
(Fig. 4), the distribution of GB with hydride precipitation is found to be 
dispersive. For example, GB10, GB11, and GB12 with random crystallo
graphic planes have hydride precipitation. In the case of HAGBs, hy
drides nucleate on the GB with any crystallographic plane. Therefore, 
the orientation of the GB plane does not appear to be a key factor in 
affecting intergranular hydride precipitation. 

4.3.2. Role of misorientation angle 
Based on the classical theory of Read and Shockley [39], the varia

tion of GB energy as a function of the misorientation angle is assumed to 
be the reason that affects the nucleation of intergranular hydrides. GBs 
with higher misorientation are the regions of choice for hydride pre
cipitation because they have higher energy [17,25]. This view is clear 
for the LAGBs in Fig. 4(b). No hydride is seen on GBs when the 
misorientation angle is less than 10◦. Above 10◦, both type-a and type-b 
hydrides appear. This tendency becomes less noticeable for HAGBs 
(Fig. 5 and Fig. 6). The structure of GB dislocation cores determines the 
energy of HAGBs. Due to a similar arrangement of discrete dislocations 
or zigzag-shaped dislocation core structure, the GB energy difference of 
HAGBs with large tilt angles is relatively minor in the energy calculation 
of GBs with [1210] and [0110] tilt axes [33,34]. It has been shown that 
the majority of HAGBs have intergranular hydride nucleation (Fig. 5 and 
Fig. 6). When the misorientation angle is close to 30◦ or 60◦ [34], some 
HAGBs with highly symmetric dislocation structures show energy cusp, 
which prevents hydride precipitation on GBs (see Fig. 5(a3), Fig. 6(a1) 
and (a4)). In a nutshell, the misorientation angle has a greater effect on 
the intergranular hydride nucleation on LAGBs than that on HAGBs. 

4.3.3. Role of interacting angle between GB and BP (αGB-BP) 
The αGB-BP is believed to be a key factor affecting intergranular hy

dride precipitation based on statistical analysis (Fig. 4 and Fig. 7) and 
the thermodynamic calculations. Fig. 10 summarizes the relationship 
between αGB-BP and hydride precipitation. Type-a hydrides nucleate and 
develop along the GB when αGB-BP is less than 39◦ (Fig. 10(a)). Type-b 
hydrides tend to nucleate at the GBs and grow into the interior of the 
grains when αGB-BP increases to 70◦ (Fig. 10(b)). Hydride precipitation is 
rarely seen at the GBs when αGB-BP is close to 90◦ (Fig. 10(c) and Fig. 10 
(d)). Phase interface energy and GB strain energies are the main in
hibitors of hydride nucleation. Since type-b hydrides precipitate on BP 
and grow along the [1210] direction to minimize the elastic strain en
ergy [40,41], so the hydride interface remains semi-coherent with Zr 
matrix [23]. The interface of type-a hydride is regarded as incoherent 
because it does not have a fixed orientation relationship with Zr matrix. 
The nucleation barrier of type-b hydrides is much smaller than type-a 
hydrides. When αGB-BP is less than 39◦, type-a hydride has smaller 
interfacial energy (Fig. 9(a)). Smaller interfacial energy and larger GB 
energy favor type-a hydride nucleation. When GB is parallel to the 
(1120) plane (Fig. 10(c)), the GB strain energy and interfacial energies 
of type-a hydrides are larger than those of type-b and intragranular 
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hydrides, providing more opportunities for the formation of intra
granular hydrides or type-b hydrides. Based on these observations, we 
conclude that the GBs with αGB-BP of two neighboring grains higher than 
70◦ are resistant to hydride precipitation. 

4.4. Effect of irradiation defects on intergranular hydride precipitation 

Hydride nucleation in this study is stimulated by electron beam 
irradiation (see Movie S1). Vacancies (first form in ZrO and then transfer 
into Zr) induced by irradiation trap the solute hydrogen, resulting in 
intragranular hydride precipitation [23]. When GB is present, irradia
tion defects also affect the hydride precipitation as they are strong traps 
for point defects. Although most GBs are biased absorbers of the 
self-interstitial atoms, some asymmetric tilt GB can act as a sink for 
vacancies, such as the GB parallel to (0112) [42–44]. Absorption of 
vacancies generates a tensile stress field on one side of the GB, which 
promotes hydrogen segregation as well and assists hydride precipitation 
[45]. This is consistent with the experimental results of type-a hydrides 
precipitation on the (0112) GB (see Fig. 4(a)). 

5. Conclusions 

In this work, the precipitation of microscopic intergranular hydrides 
in pure Zr was investigated by in-situ TEM observations and EBSD 
characterizations. The influence of the characteristics of GBs on the 
nucleation of intergranular hydrides is analyzed. The main findings are 
as follow. 

(1) Two different types of intergranular hydride were observed. 
Type-a hydrides grow along the GB, whereas type-b hydrides 
nucleate at GBs and grow into the grain interior. Type-b hydrides 
follow the same orientation relationship with Zr matrix as the 
intragranular hydrides, while type-a hydrides do not. 

(2) The interacting angle between GB and BP (αGB-BP) is a key factor 
in governing the hydride precipitation at the GBs. When αGB-BP is less 
than 60◦, type-b hydrides dominate at LAGBs, and no intergranular 
hydrides form if αGB-BP is larger than 60◦. For HAGBs, type-a hydrides 
tend to form on GBs when αGB-BP is less than 39◦. When αGB-BP is 
between 39◦ and 70◦, type-b hydrides prefer to form. Once αGB-BP is 
higher than 70◦, no intergranular hydride precipitation occurs. 
(3) Type-a hydrides prefer to form on GBs with higher GB energies, 
which aggravates hydrogen embrittlement in Zr alloys. Therefore, 
one can try to introduce a high fraction of low-energy GBs to inhibit 
the precipitation of type-a hydrides. 

CRediT authorship contribution statement 

Si-Mian Liu: Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Writing – original 
draft, Writing – review & editing. Wei-Zhong Han: Conceptualization, 
Formal analysis, Funding acquisition, Project administration, Resources, 
Supervision, Writing – original draft, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This research was supported by the National Natural Science Foun
dation of China (Grant Nos. 52301019) and the Postdoctoral Innovation 
Talents Support Program (BX20220245). SML thanks Qinqin Fu for the 
assistance in EBSD experiments. 

Fig. 10. Cartoons showing the relationship between intergranular hydrides and the αGB-BP. (a) Type-a hydrides on GBs with αGB-BP less than 39◦. (b) Type-b hydrides 
on GB with αGB-BP between 39◦ and 70◦. (c) and (d) Intragranular hydrides dominate when GBs with αGB-BP between 70◦ and 90◦. 
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