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Abstract: Although there are many studies on the hydrides in zirconium alloys, the microstructure and crystallographic 

orientation of hydrides with higher hydrogen content have received little attention. The Zr-Sn-Nb alloy was charged with 147, 

340 and 1480 µg/g hydrogen by a gaseous hydriding procedure at 400 ºC for different holding time. The microstructure and 

crystallographic orientation of hydrides were investigated by a combination of optical microscopy (OM), scanning electron 

microscope (SEM), transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD) techniques. The 

results indicate that the orientation is affected by the hydrogen content. The interphase boundary components are used to 

evaluate the crystallographic orientation of hydrides and pole figure analyses. There are two orientation relationships between 

the α-Zr and the hydrides, namely (0001)

α

�{111}

δ

 and {10 1 7}

α

�{111}

δ

. EBSD analyses also reveal the changes in 

orientation of hydrides when hydrides grow from one matrix grain to another to accommodate the matrix modification. Besides, 

many Zr grains have both inter-granular and intra-granular hydrides, and only the intra-granular hydrides exhibit a habit 

relationship with the Zr grains. 
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Zirconium alloys are widely used in nuclear water reac-

tors as cladding materials because of their low thermal neu-

tron absorption cross-section, good mechanical properties 

and corrosion resistance at high temperatures. The cladding 

materials will absorb hydrogen from high temperature wa-

ter during the operation of nuclear reactor. However, the 

solubility of hydrogen in zirconium alloys is very limited, 

and hydrides precipitate when the hydrogen concentration 

exceeds the terminal solid solubility

[1-4]

. Zirconium hy-

drides are extremely brittle at all temperatures, which re-

duces the ductility of zirconium alloy and ultimately leads 

to embrittlement and fracture of the cladding materials

[5]

. 

There are four types of hydrides formed, identified as: 

ZrH

0.5

-ζ, ZrH-γ, ZrH

1.5~1.7

-δ and ZrH

2

-ε

[6]

. The majority of 

experimental studies are about δ-hydrides and γ-hydrides, 

since they are the hydride phases which are most liable to 

embrittlement and fracture for cladding materials. Besides, 

δ-hydrides are the most common hydride phase formed in 

zirconium alloys at relatively low cooling rates

[7-9]

. It is 

known that hydride orientation will influence the mechani-

cal properties of materials; for example, radial orientated 

hydrides can drastically reduce the ductility of Zr alloy 

tubes in contrast to circumferentially oriented ones

[10-13]

. 

Therefore, the orientations of δ-hydrides and γ-hydrides in 

Zr alloys are extensively studied. It is reported that there 

are many habit planes for δ-hydrides and γ-hydrides in Zr 
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alloys

[14, 15]

. The reported habit planes for γ-hydrides are 

mostly {10 1 7} and a few (0001)

[16]

. For δ-hydrides, the 

reported habit planes are mainly (0001)

[16-27]

 and a few 

{10 1 7}, while the latter found as inter-granular hydrides

[23, 24]

. 

Many studies have shown that the hydrogen content has a 

significant influence on hydride precipitation, reorientation 

and mechanical properties

[28-31]

. So far, however, the hy-

drogen contents of most hydride habit plane studies are 

between 100~300 µg/g, and each hydride is treated as a 

single entity with a unique habit plane. Such treatment does 

not consider the orientation variations within a hydride, and 

the total number of hydrides studied is restricted by the low 

hydrogen content. Therefore, further investigations are still 

required to investigate the microstructure and crystallo-

graphic orientation of hydrides in Zr alloys with higher hy-

drogen content (>300 µg/g). In this work, interphase 

boundary components reconstructed by Channel 5 software 

are used to study the crystallographic orientation of hy-

drides and pole figure analysis. The interphase boundary 

components show that the boundaries between α-Zr matrix 

and hydrides deviate from known orientation relationships 

in the EBSD map. 

1 Experiment 

The as-received Zr-Sn-Nb tube was used in this study 

and the chemical composition is given in Table 1. The tube 

was charged with hydrogen by a gaseous hydriding proce-

dure using a high pressure hydrogen gas furnace. First, the 

tube was pickled in a solution with composition of 3% HF, 

39% HNO

3

 and 58% H

2

O. The chamber with the experi-

mental tubes was then filled with hydrogen gas and heated 

to 400 ºC. In order to obtain three different hydrogen con-

tents, the tubes were soaked at 400 ºC for three holding 

time periods followed by furnace cooling (about 0.5 ºC/min) 

to acquire stable hydrides. The H concentrations of the 

specimens were measured to be about 147, 340 and 1480 

µg/g in a hydrogen analyzer (LECO RH-600) using an inert 

gas fusion method. 

Three directions were selected for representing the tube 

reference frames as shown in Fig.1, where AD denotes axial 

direction, TD denotes tangential direction and RD denotes 

radial direction. Table 2 shows the texture parameter f val-

ues of the tube evaluated by EBSD. 

The tubes were characterized by optical microscopy (OM, 

Zeiss Axio Imager, Germany), electron backscatter diffrac-

tion (EBSD, TESCAN MIRA 3 XMU, Czech) and trans-

mission electron microscopy (TEM, TECNAI G

2

 F20, 

USA). For OM observation, the samples were polished and 

 

Table 1  Chemical composition of Zr-Sn-Nb tube (wt%) 

Sn Nb Fe Cr Cu Zr 

0.85 0.3 0.35 0.15 0.05 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic representation of the tube reference frame 

 

Table 2  Microtexture parameters of Zr-Sn-Nb tube measured 

by EBSD technique 

f

AD

 f

TD

 f

RD

 

0.046 0.331 0.623 

 

etched in a solution of 10% HF, 10% H

2

O

2

 and 80% HNO

3

. 

Samples for EBSD were prepared by the standard metal-

lographic polishing followed by electrolytic polishing in a 

solution containing 70% CH

3

OH, 20% CH

3

(CH

2

)

3

O 

(CH

2

)

2

OH and 10% HClO

4

 at −30 ºC. The TEM samples 

were obtained by jet polishing in a solution of 10% HClO

4

 

and 90% CH

3

CH

2

OH. Bright field image and selected area 

electron diffraction (SAED) analyses of the Zr matrix 

grains and hydrides were obtained from samples with 340 

and 1480 µg/g H, and the high resolution lattice images 

were obtained from samples with 340 µg/g H. 

2  Results and Discussion 

2.1  Optical analysis of hydrides 

Fig.2 shows the optical images of samples with different 

hydrogen contents. It is clear that most hydrides are oriented 

in tangential direction and the number of radial hydrides in-

creases with increasing the hydrogen content. For sample 

with 147 µg/g H, the hydrides consist of long tangential hy-

drides spaced apart and very few radial hydrides near the 

outside region. When the hydrogen content reaches 340 µg/g, 

the number of hydrides increases with the slightly messy hy-

dride distribution due to the increase in the number of radial 

hydrides. As the hydrogen content reaches 1480 µg/g, a large 

number of radial hydrides precipitate and form a fully inter-

linked hydride configuration. It is worthwhile noting that 

some hydrides consist of several very closely positioned par-

allel hydride platelets, indicating that these hydrides share a 

common habit plane

[20, 26, 32-33]

. 

2.2  TEM analysis of hydrides 

Fig.3 includes the TEM images and SAED patterns of hy-

drides in tubes with 340 and 1480 µg/g H. It is noted that there 

are stress fringes near hydrides, as shown in Fig.3a, due to the 

volume expansion, and the precipitation of γ and δ phases 
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Fig.2  OM images of hydrogenated tubes with 147 µg/g H (a), 340 µg/g H (b), and 1480 µg/g H (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  TEM images and corresponding SAED patterns of hydrides in tube with 340 µg/g H (a) and 1480 µg/g H (b, c) 

 

in α-Zr is reported to be 12.3% and 17.6%, respectively

[34-38]

. 

With respect to the hydride precipitation locations, hydrides 

can be classified into three types, namely intra-granular, in-

ter-granular and trans-granular hydrides

[39]

. It is clear from 

Fig.3a that the hydrides within grains (intra-granular hy-

drides) have a strip shape and a size of about 400~800 nm. 

However, the size of intragranular hydrides in tube with 1480 

µg/g H is about 2.5 µm (Fig.3b), which is much larger than 

that in tube with 340 µg/g H. The trans-granular hydrides are 

found in tube with 1480 µg/g H, as shown in Fig.3c. It is 

clear that the trans-granular hydrides are very long, extending 

about 5~10 µm, and there are several hydrides growing to-

gether along the same growth direction. 

Fig.4 shows the high resolution lattice image of α-Zr and 

intra-granular hydride in Fig.3a, and the hydride phase is 

noted to be δ-ZrH

1.66

 with d

(111)

=0.276 nm and d

(200)

=0.241 

nm, as verified from the inverse fast Fourier transform (FFT). 

Fig.5 illustrates the TEM image and SAED patterns in tube 

with 1480 µg/g H. There are two kinds of diffraction patterns, 

namely, electron diffraction pattern of the fcc δ-hydride (red  

200 µm 

Radial hydride 

a 

b 

c 

200 nm 

[011] 

500 nm 

[001] 

1 µm 

[013] 

a 

c 

b 
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Fig.4  HRTEM lattice image (a) and inter-planar distances based on inverse FFT (b~d) of the hydride in Fig.3a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  TEM image (a) and corresponding SAED patterns (b) of the hydride (red lines) and α-Zr matrix (yellow lines) in tube  

with 1480 µg/g H 

 

lines) and hexagonal α-Zr matrix (yellow lines), as shown in 

Fig.5b. Based on the diffraction patterns, it is concluded that 

the relation between the α-Zr matrix and the fcc δ-hydride is 

(0001)

α

�{111}

δ

 and [11 2 0]

 α

�[110]

 δ

. 

2.3  EBSD analysis of hydrides 

The results from TEM analysis as well as the Kikuchi pat-

tern indexed by the EBSD system using ICSD [56198] indi-

cate that the hydrides in the tube are δ-ZrH

1.66 

(δ-ZrH

x

, space 

group: Fm 3 m). The EBSD analysis is divided into the fol-

lowing five categories. 

(1) Hydride morphology and position 

Fig.6a, 6c and 6d depict the EBSD maps of tube samples 

with 147, 340 and 1480 µg/g H hydrogen, respectively. The 

figures are plotted in such a way that the crystallographic 

orientations of different zirconium grains are marked with 

different colors according to the Euler angle color map, and 

200 nm 

 

δ[111] 

α-Zr[11 2 0] 

a b 

5 nm 

Hydride 

α-Zr 

111 

200 

111  

a 

b 

c 

d 
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Fig.6  EBSD maps of α-Zr and hydrides in tube with 147 µg/g H (a, b), 340 µg/g H (c), and 1480 µg/g H (d) (in Fig.8a, 8c and 8d, α-Zr is 

all Euler and δ-ZrH

x

 is navy blue (white areas represent areas not indexed by EBSD); in Fig.8b α-Zr is band contrast and δ-ZrH

x

 is 

all Euler)  

 

hydrides are marked with navy blue. As shown in Fig.6a, the 

hydrides are oriented in tangential direction (TD) and linked 

with each other to form a hydride string in the sample with 147 

µg/g H. The hydride string disappears in the sample with 340 

µg/g H (Fig.6c) while the tangential distribution is still visible. 

The tangential distribution is replaced by an interlinked hy-

dride network in the sample with 1480 µg/g H (Fig.6d), which 

has an additional population of radial hydrides. 

(2) Habit plane of intra-granular hydrides  

The crystallographic relationships between a micron-sized 

hydride and its surrounding Zr grains were analyzed by com-

paring the stereographic projections of the corresponding 

crystal plane poles, as shown in Table 3. The poles of a few 

selected grains are shown in Fig.7. All of the matrix grains 

with the surrounding intra-granular hydrides have an orienta-

tion relationship of (0001)

α

�{111}

δ

.  

(3) Habit plane of inter-granular hydrides 

The crystallographic relationships between inter-granular 

hydrides and the surrounding zirconium grains were also 

analyzed, and the results show that inter-granular hydrides do 

not have the two orientation relationships with all of its 

neighboring zirconium grains (Table 3). Interestingly, there 

are many zirconium grains that have both inter-granular and 

intra-granular hydrides. As shown in Fig.7, the zirconium 

grains only have an orientation relationship with the in-

tra-granular hydrides and do not have any orientation rela-

tionship with the inter-granular hydrides. 

 (4) Habit plane of trans-granular hydrides 

Fig.6b is Euler map of hydrides, which reveals that all the 

trans-granular hydrides (g and e, m and m' in Fig.6b) have an 

(0001)

α

� {111}

δ 

orientation relationship with the matrix 

grains. Since grains have different orientations, the 

trans-granular hydrides must be reoriented when they grow 

from one grain into another to accommodate the ma-

trix/orientation change. This implies that trans-granular hy-

drides are several physically connected hydrides within dif-

ferent zirconium grains.  

(5) Distribution of the angle between hydride {111} plane 

and each of the two zirconium planes 

In this work, we used interphase boundary components in 

Channel 5 software to study the crystallographic orientation 

of hydrides. The angles between hydride {111}

δ

 and zirco-

nium (0001)

α

 planes along the phase boundaries are shown in 

Fig.8a, where the α-Zr phase is marked with red color and the 

a 

b 

c 

d 

e 

g 
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δ-hydride phase is marked with blue. The phase boundaries 

with a deviation up to 5.5° from the specified orientation re-

lationships are shown in white, while those above 5.5° is 

shown in yellow. Similar plot for hydride {111}

δ

 and zirco-

nium {10 1 7}

α

 planes is shown in Fig.8b. Angular distribu-

tions are illustrated in Fig.8c and Fig.8d. The average devia-

tion angle between hydride {111}

δ 

and zirconium {10 1 7}

α

 

planes is much larger than that between hydride {111}

δ

 and 

zirconium (0001)

α

 plane, which indicates that most hydrides 

have the orientation relationship of (0001)

α

�{111}

δ

. The 

proportion of the phase boundaries smaller than 5.5° devia-

tion is 76.38% for the orientation relationship of (0001)

α

�

{111}

δ

 and is 4.57% for the orientation relationship of 

{10 1 7}

α

�{111}

δ

, as given in Table 4. The sum of the two is 

less than 100%, so there should be other relationships 

apart from the above mentioned orientation relationships, 

which agrees with other reports

[14, 15]

. The analysis was 

also conducted on the tube samples with 340 and 1480 

µg/g H, and similar conclusion was obtained, and the re-

sults are summarized in Table 4. All of the hydrides except 

the one that we analyzed by pole figure method maintain 

the relationship of (0001)

α

�{111}

δ

, as shown in Table 4. 

However, the phase boundary deviation distributions of 

the orientation relationships of (0001)

α

� {111}

δ

 and 

{10 1 7}

α

�{111}

δ

 indicate that there may be other orien-

tation relationships, albeit rarely

[15, 40]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Pole figures of the Zr matrix and hydrides (red box) in Fig.6a 
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Table 3  Results of crystallographic relationships between α-Zr and δ-ZrH

x 

obtained by EBSD 

Hydrogen content/µg·g

-1

 Figure Location (α-Zr) 

Location 

(δ-ZrH

x

) 

Precipitation 

site 

Crystallographic relationship 

a1 a Intra-granular (0001)

a1

�(111)

a

 

b1, b2 b Inter-granular (0001)

b1

�(111)

b

 

c1 c Intra-granular (0001)

c1

�(111)

c

 

c1 d Intra-granular (0001)

c1

�(111)

d

 

e1, e2 e Inter-granular (0001)

e2

�(111)

e

 

f1 f Intra-granular (0001)

f1

�(111)

f

 

f1 g Intra-granular (0001)

f1

�(111)

g

 

h1 h Intra-granular (0001)

h1

�(111)

h

 

i1 i Inter-granular (0001)

i1

�(111)

i

 

h1 j Intra-granular (0001)

h1

�(111)

j

 

k1, k2 k Inter-granular (0001)

k1

�(111)

k

 

k2 l Intra-granular (0001)

k2

�(111)

l

 

m1 m' Inter-granular (0001)

m1

�(111)

 m'

 

m2 m Inter-granular (0001)

m2

�(111)

m

 

n1 n Intra-granular (0001)

n1

�(111)

n

 

o1 o Intra-granular (0001)

o1

�(111)

o

 

p1 p Intra-granular (0001)

p1

�(111)

p

 

147 Fig.6a 

p1 q Intra-granular (0001)

p1

�(111)

q

 

a1 a Intra-granular (0001)

a1

�(111)

a

 

b1 b Intra-granular (0001)

b1

�(111)

b

 

c1, c2 c Inter-granular (0001)

c1

�(111)

c

 

d1 d Intra-granular (0001)

d1

�(111)

d

 

e1 e Intra-granular (0001)

e1

�(111)

e

 

f1, f2 f Inter-granular (0001)

f1

�(111)

f

 

g1, g2 g Inter-granular (0001)

g1

�(111)

g

 

h1 h Intra-granular (0001)

h1

�(111)

h

 

i1 i Intra-granular (0001)

i1

�(111)

i

 

j1 j Inter-granular (0001)

j1

�(111)

j

 

340 Fig.6c 

k1 k Intra-granular (0001)

k1

�(111)

k

 

a1, a2 a Inter-granular (0001)

a1

�(111)

a

 

b1 b Intra-granular (0001)

b1

�(111)

b

 

c1 c Intra-granular (0001)

c1

�(111)

c

 

d1, d2 d Inter-granular (0001)

d1

�(111)

d

 

e1 e Intra-granular (0001)

e1

�(111)

e

 

f1 f Intra-granular (0001)

f1

�(111)

f

 

g1 g Intra-granular (0001)

g1

�(111)

g

 

g1 h Intra-granular (0001)

g1

�(111)

h

 

i1 i Intra-granular (0001)

i1

�(111)

i

 

j1 j Intra-granular (0001)

j1

�(111)

j

 

k1 k Intra-granular (0001)

k1

�(111)

k

 

l1, l2 l Inter-granular (0001)

l2

�(111)

l

 

1480 Fig.6d 

m1 m Intra-granular (0001)

m1

�(111)

m
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Fig.8  Phase maps of phase boundaries with the orientation relationships of (0001)

α

�{111}

δ

 (a) and {10 1 7}

α

�{111}

δ

 (b) of tube with 

147 µg/g H (the boundaries with a deviation below 5.5° from the specified orientation relationships are shown by white and those 

above 5.5° are shown by yellow; the α-Zr phase is shown by red and the hydride phase is shown by blue); phase boundary deviation dis-

tribution of Fig.8a (c) and Fig.8b (d); pole figures of a hydride and the surrounding α-Zr matrix marked with green box in Fig.8b (e) (the 

black areas in Fig.8a, 8b and 8e represent areas not indexed by EBSD) 
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Table 4  Proportion of the phase boundaries deviated below 

5.5° from the known orientation relationships 

Hydrogen con-

tent/µg·g

-1

 

(0001)

α

�{111}

δ 

/% {10 1 7}

α

�{111}

δ 

/% 

147 76.38 4.57 

340 77.77 1.92 

1480 83.75 2.62 

 

3 Conclusions 

1) The hydride phases in recrystallized Zr-Sn-Nb tubes 

are identified as fcc δ-ZrH

1.66

. The hydrides in tubes with 

147 and 340 µg/g H are mostly tangentially oriented, and 

large amounts of radial hydrides only appear in tubes with 

1480 µg/g H. The α-Zr matrix and the δ-hydride have a 

primary orientation relationship of (0001)

α

�{111}

δ

 and 

[11 2 0]

α

�[110]

δ

. 

2) The most common habit relationships between hy-

drides and Zr matrix are (0001)

α

�{111}

δ

 and {10 1 7}

α

�

{111}

δ

. However, the hydrides with the former orientation 

predominate and increase slightly with increasing the hy-

drogen content.  

3) The orientation of hydrides changes when they grow 

from one matrix grain to another to accommodate the 

difference in matrix orientation. Furthermore, there are 

many Zr grains with both inter-granular and intra-granular 

hydrides. The Zr grains only have orientation relationships 

with the intra-granular hydrides and have no relationship 

with the inter-granular hydrides. 
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