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The objective of this study is to obtain the threshold stress intensity factor, Ky, for an initiation of delayed
hydride cracking in a recrystallized N18 (Zr-Sn-Nb-Fe-Cr) alloy plate which was manufactured in China,
gaseously charged with 60 ppm of hydrogen by weight. By using both the load increasing method and
load drop method, the Kiy's along the rolling direction were investigated over a temperature range of
150-255 °C. The results showed that Ky along the rolling direction was found to be higher in the load
increasing method than that in the load drop method. In the load increasing method, Kiy's of the N18
alloy plate appeared to be in the range of 31—32.5 MPay/m, and Ky in the load drop method appeared
to be in the range of 27.5—28.6 MPay/m. This means that the N18 alloy plate has high tolerance for
DHC initiation along the rolling direction. The texture of a N18 alloy plate was investigated using an
X-ray diffraction and the Ky was discussed based on texture and analytically as a function of the tilting
angle of hydride habit planes to the cracking plane.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zirconium alloys has been successfully used as cladding and
structural materials in light and heavy water nuclear reactors for
many years because of their low capture cross-section for thermal
neutrons and good mechanical and corrosion properties. During
their service a part of hydrogen produced through the corrosion
reaction of Zr with hot coolant is absorbed by materials. Hydrogen
in excess of solid solubility precipitates out as hydride phase of
platelet morphology and could make the host matrix brittle. Hy-
dride induced embrittlement significantly influences the in-service
performance of the Zr-alloys components. Delayed hydride crack-
ing (DHC) is a localized form of hydride embrittlement, which in
the presence of a tensile stress-field manifests itself as a sub-
critical crack growth process. Consequently, hydrogen atoms in
the solid solution will diffuse into the region that is ahead of the
crack tip when it is subjected to a triaxial state of stress, which
may lower the chemical potential of hydrogen in the region ahead
of the crack tip. Once the hydrogen concentration in this region
reaches (or exceeds) the terminal solid solubility for precipitation
(TSSP), hydrides will start to form and grow. When the hydrides
at the crack tip reach a critical size, the main crack will propagate
through this hydrided region. The crack front finally is arrested at
the end of the hydrided region by the ductile zirconium matrix,
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and the whole process repeats itself [1-4]. DHC was the cause of
leakage in some Zr-2.5Nb pressure tubes of CANDU plants at Pick-
ering and Bruce [5] and Russian RMBK reactors at Kursk and Cher-
nobyl [6] and may contribute to the large axial splits experienced
in the Zircaloy fuel cladding in light water reactors [7,8].

The threshold stress intensity factor (Kjy) is an important
parameter for an evaluation of the integrity of the Zr-alloy compo-
nents of a reactor, because it can be used to determine whether
stable DHC crack growths start [3,9]. Although the threshold stress
intensity factor has been studied for a long time, most of them
were performed on Zr-2.5Nb and Zircaloy-2 [1-6,9-13] and few
literatures were found on the subject of Ky in Zircaloy-4 [4,14]. Al-
most no information was found on Zr-Sn-Nb alloy. Currently, sev-
eral new Zr-based alloys have been developed from the point of
view of enhancement of corrosion resistance and hydrogen pickup
properties as a substitute for Zircaloy [15-17]. In China, N18
(Zr-Sn-Nb-Fe-Cr) alloy have been developed on the base of Zr-Sn
and Zr-Nb systems to meet the requirements of higher fuel
burn-up [18-21]. Up to now, we have not any DHC data for a
N18 alloy plate, moreover, anisotropic DHC properties (including
Kiy) of Zr-Nb alloys and Zircaloy-2 were found [22,23,33]. There-
fore, systematic DHC properties data along all directions for a
N18 alloy plate are needed. And based on the systematic DHC
properties data we will establish a database related to DHC of
the N18 alloy plate.

The purpose of the present study was to investigate the thresh-
old stress intensity factor for delayed hydride cracking of a N18
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alloy plate along the rolling direction for the first time. The present
study will contribute to the establishment of a database related to
DHC of the N18 alloy plate and it is a part of the systematic DHC
behaviors for the N18 alloy plate. In the present investigation, by
using both the load increasing method (LIM) and load drop method
(LDM), we determined Ky along the rolling direction over a tem-
perature range of 150-255 °C. The fracture surfaces were exam-
ined by using the scanning electron microscope (SEM).

2. Experimental procedures
2.1. Specimen preparation

The vacuum consumable arc remelting method was employed
for producing 500 kg ingot of Zr-Sn-Nb-Fe-Cr zirconium alloy
with the chemical compositions (in wt.%): Sn: 1.05; Nb: 0.27; Fe:
0.35; Cr: 0.1; O: 0.09; Zr: balance. B-Quenching treatment in water
was conducted to homogenize the composition within the ingot
after being hot forged. Then the ingot was made into plates of
about 4.6 mm thickness through various rolling and intermediate
annealing (600 °C) processes. The final annealing was conducted
at 580 °C for 2 h in vacuum [18,24,25]. The equiaxed grains were
measured to be about 10 pm in diameter. The room temperature
yield strength and ultimate tensile strength of N18 alloy plate
along the rolling direction was 419 and 535 MPa respectively
[25]. The texture of N18 alloy plate was confirmed by (0 0 0 2) pole
figure measurement using an X-ray diffraction (XRD). The N18 al-
loy plate presents a bimodal distribution of the intensity maxima,
and it exhibits a strong texture with a maximum (0 0 0 2) pole den-
sity at ~25° toward the transverse direction from the plate normal,
as shown in Fig. 1 where the rolling and transverse directions are
denoted as RD and TD, respectively. The basal pole components
of the N18 alloy plate are shown in Table 1. The basal pole compo-
nents in the rolling direction and transverse direction are lower
than that along plate normal obviously.

Seventeen millimeter compact tension (CT) specimens shown in
Fig. 2 which were manufactured in accordance with ASTM stan-
dard test method (E-399) were used to determine Ky along the

RD

TD

Fig. 1. (000 2) Pole figures for a N18 alloy plate.

Table 1
The basal pole components in N18 alloy plate.

Specimens Basal pole components
Rolling direction, Fy ~ Transverse, Fr ~ Plate normal, Fy
N18 alloy plate  0.09 0.16 0.75

rolling direction. The CT specimens were charged with hydrogen
using a gaseously hydrided method and a diffusion annealing
treatment was performed to obtain about 60 ppm of hydrogen
throughout the specimens. More details of the hydrogen charging
procedure are reported elsewhere [25]. The real hydrogen content
of the specimen was obtained by averaging a set of two data mea-
sured with a LECO RH 600 hydrogen analyzer. The CT specimens
were then fatigue pre-cracked to obtain a sharp crack tip and uni-
form crack front at room temperature, an initial crack length of
about 1.7 mm. The stress intensity factor, K;, was calculated using
the following Eqgs. (1) and (2) from ASTM E-399:

Ki = Po/(B x W'2) x f(a/W) (1)

Tensile stress direction

Fig. 2. Schematic illustration of a compact tension specimen and the orientation
of the cracking plane.

Fig. 3. Hydride morphology of a N18 alloy plate with 60 ppm (a) RD-ND plate
and (b) TD-ND plate.
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f(a/W) = (2 + a/W)[0.886 + 4.64(a/W) — 13.32(a/W)?
+14.72(a/W)’ - 5.6(a/W)*]/(1 - a/W)*" )

where Pqg=applied load (N), B=specimen thickness (m), W=
specimen width (m), a = crack length (m).

The hydride morphology was observed with an optical micros-
copy. The typical metallography of hydride structure on the roll-
ing-normal plane and transverse-normal plane were depicted in
Fig. 3a and b, revealed that hydrides (dark lines) were appeared
as a line segment and uniformly distributed.

2.2. Delayed hydride cracking tests

A CSS-250 creep testing machine was used to carry out DHC
tests. The equipment consisted of single arm lever type loading
system fitted with a resistance heated two zone furnace to provide
temperature control within 1 °C of the set temperature. The lever
arm ratio of the loading system was 1:10. The temperature of the
specimen was monitored using K-type thermocouple spot welded
to the surface of the specimen within 2 mm of the fatigue pre-crack
tip. The DHC crack growth was monitored using direct current po-
tential drop (DCPD) technique using a DC constant-current power
source [12]. The temperature output from the thermocouple and
DCPD signal were continuously recorded every minute using com-
puter data acquisition system [25].

A schematic diagram of thermal cycle which the CT specimens
experienced in the DHC tests was shown in Fig. 4. The CT speci-
mens were heated to a peak temperature at a heating rate between
2-3 °C/min, held at peak temperature for 90 min and cooled down
to the test temperature followed by applying a load 30 min after
attaining the test temperature. The peak temperature was set at
330 °C, which was about 50 °C higher than the terminal solid solu-
bility for dissolution (TSSD) temperature to dissolve all the charged
hydrogen in the zirconium matrix. In the LIM, the initial applied
load, which corresponded to a stress intensity factor (SIF) of
20 MPa\/m, was increased step-wise to ensure increase in SIF of
1 MPay/m when the crack did not grow within 24 h. In contrast,
in the LDM, the first step of tests in the investigation was per-
formed at the highest applied load, which corresponded to an SIF
of 35 MPa/m. DHC crack growth under constant load was moni-
tored by DCPD technique and after obtaining a crack growth of
some finite distance (of the order of 100 pm), the load was reduced
to ensure decrease in SIF of 1 MPay/m (after each successive load
drop, the updated value of crack length and geometrical factor
was used to compute K;) and the same sequence was repeated till
a K; was reached which produced insignificant change in DCPD sig-
nal as a function of time for 24 h. The final Kiy was calculated using
the final crack length after breaking the specimen. Duplicate tests
were carried out at each test temperature to ensure the reliability
of the Ky data.

Teat 150, 205, 245, 255°C

Tpear

Start

1-2TC/min
Teest

2-3C/min

Temperature, 'C

Load applied

Time, min

Fig. 4. Schematic diagram of a thermal cycle during the DHC tests.

3. Results and discussion
3.1. Kiy along the rolling direction with both LIM and LDM

Fig. 5a shows a typical plot of DCPD output and specimen tem-
perature as a function of time during the LIM testing carried out at
205 °C corresponding to one constant load. As can be seen in this
figure, for all the tests the specimen temperatures remained con-
stant throughout the DHC testing. The slope of DCPD versus time
curve increased with time. These indicated that the DHC crack
growth rate was increased slightly with an increasing DHC crack
length. A typical plot of DCPD output and load as a function of time
during the LIM testing carried out 205 °C was depicted in Fig. 5b,
revealed that significant incubation period of DHC were observed.
Fig. 6a shows changes of DCPD output and specimen temperature
with time during the LDM testing carried out 245 °C corresponding
to variation of load. A plot of load drop step and the corresponding
change in DCPD output with time carried out 245 °C are shown in
Fig. 6b. In the LDM, the slope of DCPD versus time curve decreased
with a decreasing load, which indicated that the DHC crack growth
rate was decreased with a decreasing the applied K;.

The threshold stress intensity factor Ky were determined for
the N18 alloy plate specimens by plotting the measured crack
velocity as a function of stress intensity factor as shown in Fig. 7.
As expected, the stress intensity factor (K;) > 29 MPa/m, DHC
velocity is practically independent of the former and below this va-
lue DHC velocity decreases with decrease in K;. The threshold
stress intensity factors, Kiy's of the N18 alloy plate along the rolling
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Fig. 5. (a) A plot of DCPD output and specimen temperature against time obtained
during the LIM test carried out at 205 °C and (b) a typical plot of DCPD output and
load as a function of time during the LIM test carried out at 205 °C.
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Fig. 6. (a) A typical plot of DCPD output and specimen temperature as a function of

time during the LDM test carried out at 245 °C and (b) a typical load drop step and

corresponding change in DCPD output with time during the LDM test carried out at
245 °C.
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Fig. 7. Crack velocity as a function of stress intensity factor for N18 alloy plate
at various temperatures.

direction obtained using both LIM and LDM were plotted in Fig. 8.
Ky of the N18 alloy plate along the rolling direction was found to
be higher in the LIM than that in the LDM over a temperature range
of 150-255 °C. In the LIM, Kjy's of the N18 alloy plate appeared to
be in the range of 31—32.5 MPay/m, and Ky in the LDM appeared
to be in the range of 27.5—28.6 MPay/m. A higher Ky in the LIM,
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Fig. 8. Threshold stress intensity factors, Kj;'s of N18 alloy plate containing 60 ppm
H with temperature and with the loading modes.

shown in Fig. 8, may be partly due to a different crack tip size con-
tingent on the loading modes. It should be noted that the initial
crack, growing in the LIM, is a pre-fatigue crack that was formed
at a larger K; of 32.5 MPay/m but the grown crack in the LDM is a
DHC crack that must have been created at a lower K; of around
28.5 MPay/m. Considering that the DHC crack grows at a lower K;
than the fatigue crack, the tip of the DHC crack would be sharper
than that of the fatigue crack, leading to a lower level of stress
ahead of the tip of the fatigue crack [23,26]. The threshold behavior
for N18 alloy plate revealed that Kiy's of the N18 alloy plate re-
mained constant in a temperature range of 150-255°C in the
LDM while they slightly decreased with an increasing temperature
in the LIM. This is due to the different temperature dependencies of
Ky contingent upon the loading modes: A slightly decrease of Ky
with increasing temperature in the LIM is likely due to the in-
creased number of twins at a temperature range of 150-255 °C.
The higher the number of twins, the easier cracking of the hydrides
and the lower Kjy in the LIM becomes [9]. This strong dependency
of Kiy on the number of twins seems to arise from some difficulties
in cracking of the grown hydrides by twins part of which are sup-
pressed by prior creep deformation and thereby causing a blunt
crack tip only in the load-increasing mode. By contrast, in the
LDM, the hydrides which precipitate in the plastic zone grow long
enough to exceed critical hydride length even without creep, and
the crack front is very sharp, causing the hydrides to fracture more
easily by the twin-hydride interactions. Thus, the number of twins
is not so critical in determining Ky as long as there are a few twins
for inducing cracking of the hydrides, leading to a constant Ky
independent of the number of the twins over a temperature range
of 150-255 °C.

It is noted that the Ky values along the rolling direction of a
recrystallized N18 alloy plate with both LIM and LDM in this study
are higher than the previous data. This means that the N18 alloy
plate along the rolling direction is not susceptible to cracking by
DHC. Many studies [27-33] focused on the Ky in various Zr-alloys,
and confirmed that Ky is practically independent of material
strength and the minimum alloying elements in zirconium. How-
ever, because of the anisotropy of hexagonal a-zirconium, a tex-
ture is formed upon plastic deformation during the fabrication
process, which will effect hydride precipitation. Since the DHC
crack grows by fracturing of hydrides, an initiation of the DHC
crack would depend strongly on the orientation of the hydride ha-
bit plane where the hydrides can precipitate preferentially. In
other words, if the hydride habit plane is parallel to the cracking
plane, the DHC crack initiation will be easy. On the contrary, where
the hydride habit plane is tilting from the cracking plane, the crack
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initiation will be difficult, leading to an increase in threshold stress
intensity factor, Ky, or to an increase in DHC resistance. Cheadle
et al. [28] pointed out that hydride reorientation will become eas-
ier if their basal plane normals are parallel to the tensile stress. In
this situation, the reoriented hydride platelets will be parallel to
the basal plane of o-zirconium. Since the effective hydride plate-
lets during the DHC process are those reoriented ones, the relative
orientation between the basal plane of o-zirconium and the crack-
ing plane will be an important factor in DHC initiation and propa-
gation. Therefore, Coleman et al. [29] proposed that if the
crystallographic texture can be arranged so that the basal plane
normals of a-grains are nearly perpendicular to the major tensile
stress, DHC can be diminished. Thus, DHC behavior is closely re-
lated to the texture of Zr-alloys. Since {1017} planes are the most
favorable habit planes for the precipitation of hydrides in zirco-
nium alloys under tensile stress [3,28,34-36], the initiation of
DHC may depend strongly on the available number of the habit
planes that is determined by texture. So we speculated that the
higher Kjy values along the rolling direction of a N18 alloy plate
may be owing to the texture of the N18 alloy plate. We will discuss
in detail in Section 3.2.

3.2. Effect of texture

The Ky is a critical K; value over which the crack grows physi-
cally through the DHC mechanism. The DHC mechanism involves
the kinetics of the formation of the hydride, namely, the diffusion
of hydrogen to the crack tip region and the precipitation of the hy-
dride and its fracture under the given loading condition. When the
applied load is constant, then the applied K; at the crack tip will be
constant. Only the precipitation of the hydride at the crack tip will
be changed with time. The load enduring capability will be de-
creased with an increased fraction of the hydride at the crack tip.
If the applied load or stress at the crack tip exceeds the load endur-
ing capability with the aid of the hydride at the crack tip, a certain
length of the mixture of the hydride and matrix will be fractured
simultaneously, and this process will be repeated. This is the very
mechanism of a DHC. Therefore, there might be inherent Ky values
of a given texture, according to the distribution of the basal planes
or the habit plane of the hydride, {101 7}. So some studies focused
on the effect of texture variation on the DHC behaviors [29,30,34-
37] and had confirmed that the Kiy decreases linearly with a basal
pole component (F) oriented along crack plane normal in various
Zr-alloy plates and tubes, as shown in Fig. 9. This shows that there
is a significant texture dependence regardless of the materials. This
is due to the fact that the major phase is a-Zr in zirconium alloys.

o
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Fig. 9. The basal pole component (F) dependency of Ky in various Zr-alloys.

The decreasing Kiy trend with F was explained by the rule of a mix-
ture [3,36]. The volume fraction of the ductile matrix can be as-
sumed as (1 — F) and that of the brittle hydride can be assumed
as F, because the physical meaning of F is the resolved fraction of
the basal plane in the cracking plane. The texture dependence of
Kiy can be expressed by the following Eq. (3) [3,36].

K= (1-F) x K} +F x K, 3)

where Kj, is the fracture toughness of a complete ductile matrix
containing hydrogen at F = 0, and Kc is the fracture toughness of hy-
dride which is reported as Kic = 1-3 MPa /m [3,36]. The increase in
F in the cracking plane reduces the area of the ductile matrix. This
means that the plane having a higher F has a lower resistance to a
DHC. Therefore, if F for the cracking plane is higher, then the Ky
is lower; the Ky decreases with F, and vise versa.

The Ky of N18 alloy plate along the rolling direction is plotted
against the basal pole component in Fig. 9. This shows that the
trend is consistent with the literature. The relationship between
tensile stress direction, the cracking direction and the cracking
plane in the CT specimens is shown in Fig. 2. In the present study,
(0002) poles in the N18 alloy plate are concentrated in the plate
normal, as discussed above. It is known that DHC in Zr-alloys oc-
curs due to the repetition of precipitation of brittle hydrides and
their fracture when the hydrogen content is over TSS (terminal so-
lid solubility) at the temperature of the system, and that hydrides
precipitate on the habit planes {101 7} under tensile stress, and the
crack grows by hydrides precipitated on the habit planes, which
are tilted by 15° from the basal plane (000 2) [3,34,35,37,38].
However, in the case of the CT specimens, the cracking plane is
along RD-ND plate. The interplanar angle between the cracking
plane of the CT specimen and the habit plane of the hydride is
~75°. Therefore, there is lower number of grains having habit
plane for the hydride near or parallel to the cracking plane. This
is why the CT specimens along the rolling direction are difficult
to crack by a DHC. It is natural, that Kjy for DHC initiation in the
rolling direction is higher than the previous data. This means that
the N18 plate in rolling direction has a higher resistance to a DHC.

3.3. SEM fractography

The low magnification fractograph are compared in Fig. 10.
They illustrate the typical DHC fracture patterns obtained in the
LIM tests carried out at 205 °C. The characteristics of the DHC sur-
faces obtained in the LDM tests carried out at 245 °C and 255 °C
respectively show larger depth variations and a portion of ductile
fracture in Figs. 11 and 12. It is clear that the DHC surfaces are very

um

Fig. 10. Fractograph showing the fatigue pre-crack (FPC), DHC crack (D) and fatigue
post-crack subjected to the LIM test carried out at 205 °C.
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4 mm |High

Fig. 11. A typical photograph of DHC fracture surface region subjected to the LDM
testing carried out at 245 °C.

Fig. 12. A typical photograph of DHC fracture surface region subjected to the LDM
testing carried out at 255 °C.

bumpy and show some chunky-wedges. This suggests that DHC
cracking may encounter the lesser basal planes in the cracking
plane and propagates through the various grain orientations. Then
cracking is difficult, therefore, the required energy to propagate the
DHC crack will be increased, and thus, it is the reason that the frac-
ture surfaces are less smooth.

4. Conclusions

The threshold stress intensity factor (Kiy) values for an initiation
of delayed hydride cracking (DHC) in a N18 (Zr-Sn-Nb-Fe-Cr) al-
loy plate which was manufactured in China were investigated for
the first time. By using both the load-increasing mode (LIM) and
load drop method (LDM), the load increasing method gives non-
conservative results in comparison with the load drop method over
a temperature range of 150-255 °C. In the LIM, Kjy's of the N18 al-
loy plate appeared to be in the range of 31—32.5 MPay/m, and Ky
in the LDM appeared to be in the range of 27.5—28.6 MPa/m. This
means that the plate normal textured of N18 alloy plate has high
tolerance for DHC initiation along the rolling direction. The fact

that the N18 alloy plate has a higher Kjy can be explained in terms
of the lower basal plane density in the cracking plane. The charac-
teristics of the DHC surfaces are very bumpy and show larger depth
variations and a portion of ductile fracture. It is attributed to the
less basal planes in the cracking plane.
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