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To investigate the effect of hydrogen and oxygen contents on hydride reorientations during

cool-down processes, zirconiumeniobium cladding tube specimens were hydrogen-

charged before some specimens were oxidized, resulting in 250 ppm and 500 ppm

hydrogen-charged specimens containing no oxide and an oxide thickness of 3.8 mm at each

surface. The nonoxidized and oxidized hydrogen-charged specimens were heated up to

400�C and then cooled down to room temperature at cooling rates of 0.3�C/min and 8.0�C/

min under a tensile hoop stress of 150 MPa. The lower hydrogen contents and the slower

cooling rate generated a larger fraction of radial hydrides, a longer radial hydride length,

and a lower ultimate tensile strength and plastic elongation. In addition, the oxidized

specimens generated a smaller fraction of radial hydrides and a lower ultimate tensile

strength and plastic elongation than the nonoxidized specimens. This may be due to: a

solubility difference between room temperature and 400�C; an oxygen-induced increase in

hydrogen solubility and radial hydride nucleation energy; high temperature residence time

during the cool-down; or undissolved circumferential hydrides at 400�C.

Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.
1. Introduction

During the interim dry storage of spent nuclear fuel, the fuel

rod internal pressure can generate tensile hoop stress on the

zirconium alloy cladding tubes that cool down very gradually

from various cladding tube peak temperatures of between

200�C and 400�C over several decades. This interim dry storage

condition may generate tensile hoop stress-induced hydride
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reorientation in the radial direction of the cladding tube and

reduce the cladding's ductility. The aforementioned stress-

induced hydride reorientation behavior in zirconium alloys

has been investigated by many researchers [1e12]. Based on

these research results, it can be said that the amount of radial

hydrides formed during the interim dry storage periodmay be

dependent on hydrogen solubility in the zirconium alloy

cladding, heat-up cladding temperatures during the fuel dry
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period, tensile hoop stresses, cool-down rates, hydrogen

contents, etc. In addition, it was reported that the formation of

radial hydrides in the cladding tubes may be closely related to

their fabrication histories, textures, and stress states [13e16].

However, sufficient data on hydride reorientation behav-

iors during cool-down have not been provided for spent fuel

cladding conditions that simulate both oxygen and hydrogen

contents as well as neutron irradiation-induced microstruc-

ture changes. It is noteworthy that the hydrogen solubility

increased with the oxygen-containing Zircaloy-4 materials

[17], while it increased in the lower oxygen content range but

decreased in the higher oxygen content range [18]. In this

study, therefore, the effect of both hydrogen and oxygen

contents on the hydride reorientation behaviors, such as

radial hydride fractions and lengths, was investigated along

with various tensile hoop stresses and cool-down rates.

In general, a temperature limit of 400�C, which is specified

for normal and short-term transient conditions during the

interim dry storage, will limit cladding hoop stresses and the

amount of dissolved hydrogen atoms available to precipitate

hydrides during the cool-down [14]. It is generally recognized

that the hydrogen content in cladding should be controlled to

below 600 ppm-H and the fuel rod internal pressure should be

controlled to below the reactor coolant system pressure

(15.5 MPa) that may cause a tensile hoop stress of 150 MPa on

the cladding tube during the interim dry storage period. It is

also reported that the cladding may cool down over several

decades by about 100�C per 10 years (2 � 10�5�C/min) [19]. It is

also noted that the zirconiumeniobium (Zr-Nb) alloy cladding

tubes have been used mostly for pressurized water reactors.

In this study, therefore, stress relieved annealed (SRA) Zr-

Nb cladding alloys were employed. The test matrix included

two hydrogen contents, one tensile hoop stress and two cool-

ing rates, simulating the spent fuel conditions at the interim

dry storage conditions. Firstly, based on the aforementioned

allowable maximum hydrogen content of 600 ppm, two

hydrogen contents of 250 ppm and 500 ppm in the SRA Zr-Nb

tube specimens were used to evaluate the effect of hydrogen

content on the hydride orientation behaviors. Secondly, the

aforementioned maximum tensile hoop stress of 150 MPa was

employed to evaluate the effect of the maximum tensile hoop

stress on the hydride reorientation. Lastly, considering the

expected slowest cooling rate 2 � 10�5�C/min during the

interim dry storage, two cooling rates of 0.3�C/min and 8.0�C/
min were selected to evaluate the effect of cooling rate on the

hydride reorientation. The Zr-Nb tube specimens were

oxidized to 3.8 mm at their inner and outer surfaces to evaluate

the effect of oxidation on the hydride reorientation. The

specimens were heated up to 400�C with one heating rate of

3.0�C/min and then remained at that temperature for 2 hours

to provide enough time for hydride dissolution prior to cool-
Table 1 e Zirconium alloy cladding tubes used in this work.

Materials Chemical composition (w/o) T

Zr alloy Zr-1.0Nb-1.0Sn-0.1Fe-0.12O

Fe, iron; Nb, niobium; Sn, tin; w/o, weight percent; Zr, zirconium.
down. The specimens were cooled down to room tempera-

ture with the respective cooling rates of 0.3�C/min and 8.0�C/
min under the tensile hoop stress of 150 MPa.
2. Material and methods

Chemical compositions, texture and dimensions of the Zr-Nb

cladding tubes used in the pressurized water reactors are

given in Table 1. The Zr-Nb cladding tubes that were cold-

pilgered and stress-relieved were supplied by the Korea Nu-

clear Fuel Company. These cladding tubes were cut into

several parts of 100 mm each before the tube surfaces were

cleaned with acetic acid. Two parts of the tubes were charged

with hydrogen in a vacuum furnace at 400�C containing a

mixture gas of hydrogen (150 mmHg) and helium (200 mmHg)

to generate a uniform distribution of hydrogen through the

tubes [20]. The hydrogen contents of the test specimens were

analyzed by the LECO hydrogen analyzer RH600. Various

hydrogen contents of the test specimens were generated,

including 200 ± 20 ppm, 250 ± 20 ppm, 450 ± 20 ppm, and

500 ± 20 ppm. Only the hydrogen-charged specimens of

200 ppm and 450 ppmwere oxidized for ~60 days at 360�C and

17.5MPa in an autoclave under the water atmosphere, result-

ing in about 3.8 mm at each surface of the test specimens.

These oxidized hydrogen-charged specimens were found to

contain respective hydrogen concentrations of 250 ± 25 ppm

and 500 ± 25 ppm, indicating that hydrogen pickup occurred

during the oxidation process in the autoclave. After heating up

the oxidized specimens to 400�C and holding them at that

temperature for 2 hours, the signal detector (SEM-EDS)e

XFlash6 was employed to measure oxygen content in the

metal region. Before the oxygen content measurements, the

specimens were polished to remove any surface contamina-

tion. The oxygen atoms in the metal phase appear to be

distributed nearly uniformly. The oxygen content in themetal

phase were measured to be 2.0 ± 1.5 w/o (weight percent) for

the oxidized specimens.

Fig. 1 shows a schematic configuration of the test specimen

and two half-cylinder loading pins that open and strain the

test specimen. The test specimens were cut transversely from

the cladding tubes to make a width of 5 mm. The diameter of

the half-cylinder loading pin is 8.35mmand the gage length of

the test specimens is 2 mm. Special grips were designed and

fabricated to fix the loading pins and apply some load on the

test specimen. As seen in Fig. 2, the test specimens were

heated up to 400�C at 3.0�C/min and remained for 2 hours at

that temperature. Then, the oxidized specimens were cooled

downwith two cooling rates of 0.3�C/min and 8.0�C/min under

the tensile hoop stress of 150 MPa. The cooling rate of 0.3�C/
exture (Kearns number) Tube dimension (mm)

fr (radial) ¼ 0.62

ft (tangential) ¼ 0.26

fa (axial) ¼ 0.12

Outer dia. ¼ 9.50

Thickness ¼ 0.57

http://dx.doi.org/10.1016/j.net.2015.06.004
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Fig. 1 e Configurations of a ring specimen and jigs/fixtures used in this work.
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min represents the average cool-down rate of the gage region

of the specimen when the furnace power switch is just off,

whereas the cooling rate 8.0�C/min represents the average

cool-down rate of the gage region when the specimen is

water-quenched. It should be noted that the temperature

gradient along the gage length of the specimens was not

detectable. Hydride orientation tests were carried out using

the KLES 500-S creep tester. After the cool-down tests, tensile

tests were conducted at room temperature using an Instron

model 3366 mechanical testing machine at a nominal strain

rate of 0.001/s (0.12 mm/min) to produce ultimate tensile

stresses and plastic elongations. By contrast, to check the

reproducibility of the test results, the cooling tests were

repeated twice using the same batch of the test specimens.
Fig. 2 e Heat-up and cool-down processes used in this

work.
Before and after the heat-up and cool-down tests, the gage

regions were cut along the axial direction and then the cut

sections were examined by an optical microscopy to reveal

the fractions of radial and circumferential hydrides and their

lengths. The etchant used for metallographic examination

was composed of HF, HNO3, and H2O in a volume ratio of

10:45:45.
3. Results and discussion

Prior to the heat-up tests, the axially cut sections of the test

specimens were examined by scanning electron microscopy

to reveal the hydride and oxide configurations of the oxidized

250 ppm-H and 500 ppm-H specimens. Fig. 3 shows that most

of the hydrides appear to be oriented in the circumferential

direction and the 3.8-mm oxide layers were formed at both

inner and outer surfaces. The circumferential hydrides may

be closely correlated to their texture [9,14,15]. As shown in

Table 1, the Kearns numbers of the Zr-Nb alloy tubes were

measured to be 0.62, 0.26, and 0.12 for radial, tangential, and

axial basal poles, respectively. Therefore, it may be expected

that the radial basal pole will generate the circumferential

hydrides, whereas the tangential basal pole will generate the

radial hydrides. However, it was found that the specimens

charged with hydrogen at 400�C under no stress condition

generated the hydrides mostly in the circumferential direc-

tion, as shown in Fig. 3, indicating that a certain threshold

tensile hoop stress is needed for the radial hydride formation

during the cool-down process [2,21e23].

The test specimens were heated up from room tempera-

ture (RT) to the peak heat-up temperature of 400�C (see Fig. 2).

Then, the test specimenswere quenched to room temperature

http://dx.doi.org/10.1016/j.net.2015.06.004
http://dx.doi.org/10.1016/j.net.2015.06.004


Fig. 3 eAn optical micrograph of the 250 ppm-H and 7.6 mm

oxidized specimen.

Fig. 5 e Terminal solid solubility of hydrogen in the

Zircaloy-4 claddings.
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to freeze the hydride distribution at 400�C. The optical mi-

crographs before and after the heat-up are shown in Fig. 4.

Comparison of the micrographs between 400�C and RT indi-

cate that most of the hydrides in the 250 ppm-H specimens

were dissolved at that heat-up temperature, while about half

of the hydrides in the 500 ppm-H specimens were dissolved.

This hydride dissolution behavior may be explained by the

terminal solid solubility for dissolution [24]. From Fig. 5, it can

be seen that the hydrogen solubility for dissolution at 400�C is

~230 ppm, as given in [24], indicating thatmost of the hydrides
Fig. 4 e Hydrogen content- and oxygen content-dependen
in the 250 ppm-H specimens may be dissolved at 400�C,
whereas about half of the hydrides in the 500 ppm-H may be

dissolved.

Using the respective nonoxidized and oxidized specimens,

two kinds of the cool-down tests were performed from 400�C
to RT with the cooling rate of 8.0�C/min (water cooling) and

0.3�C/min (furnace cooling) under the tensile hoop stress of

150 MPa, as shown in Fig. 2. The optical micrographs for the

nonoxidized and oxidized specimens are shown in Fig. 6. In

general, it was found that the radial hydride fraction increases

when moving from the outer to the inner surface. This phe-

nomenon may be explained by a cladding tensile hoop stress

variation along the cladding diameter. Fig. 7 shows a calcu-

lated tensile hoop stress curve when applying an average

stress of 150MPa on the cladding, assuming the thick wall

cylinder. As mentioned above, a certain threshold tensile

hoop stress may be needed for the radial hydride formation

during the cool-down process and the radial hydride
t optical micrographs at room temperature and 400�C.

http://dx.doi.org/10.1016/j.net.2015.06.004
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Fig. 6 e Optical micrographs of the nonoxidized and oxidized specimens cooled down to room temperature from 400�C
under 150 MPa.
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nucleation energy may decrease with the increase in the

tensile stress. Therefore, the radial hydrides seem to be easily

formed around the inner tube surface having a relatively

higher hoop stress.

In order to calculate the radial hydride fraction and average

length from the optical micrographs shown in Fig. 6, the

circumferential and radial hydrides are to be defined as fol-

lows. The circumferential hydride is defined as the plateswith

an orientation within 0e40� to the circumferential axis,

whereas the radial hydride have an orientation within 50e90�

to the circumferential axis. The small fraction of hydrides

within 40e50� to the circumferential axis was not counted as

the radial or circumferential hydrides. Then, the radial hy-

dride fractions and average lengths were determined by an

image analysis program with 500� magnification optical mi-

crographs covering all the areas of the specimens. It should be
Fig. 7 e Tensile hoop stress variation in the radial direction

of the cladding tube.
noted that only the circumferential and radial hydrides

precipitated during the cool-down process were taken into

account to calculate the radial hydride fractions, which is

defined as the ratio of the total length of radial hydrides to the

total length of circumferential and radial hydrides precipi-

tated during the cool-down process. This means that the un-

dissolved circumferential hydrides at 400�C for the 500 ppm-H

specimens were eliminated from the total circumferential

hydrides.

Based on the procedures described above, the radial hy-

dride fractions and average lengths for the nonoxidized and

oxidized specimens are given in Figs. 8 and 9, respectively. It is

noteworthy that the uncertainty in the radial hydride fraction

is < 5% of the average values, which was estimated from the

radial hydride fractions of the six portions of the respective

optical micrographs shown in Fig. 6, while the uncertainty in

the radial hydride average length is within ± 2 mm, The

circumferential hydride length prior to the cool-down is larger

after the cool-down. The circumferential hydrides generated

during the cool-down may become shorter in length with an

increase in the cooling rate, just like the radial hydride lengths

given in Fig. 9.

From the data shown in Figs. 8 and 9, three outstanding

phenomena may be pointed out: Firstly, the slower cooling

rate generated the larger radial hydride fractions and the

longer radial hydride lengths. Secondly, the 250 ppm-H spec-

imens generated larger radial hydride fractions and longer

radial hydrides than the 500 ppm-H specimens. Finally, the

oxidized specimens generated the smaller radial hydride

fractions and the shorter hydride lengths especially for the

250 ppm-H specimens.

The amount of hydrides precipitated during the cool-down

from 400�C to RT rather depends on the terminal solid

http://dx.doi.org/10.1016/j.net.2015.06.004
http://dx.doi.org/10.1016/j.net.2015.06.004


Fig. 8 e Radial hydride percentages of the nonoxidized and oxidized specimens cooled down to room temperature from

400�C under 150 MPa.
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solubility dissolution curve, but the terminal solid solubility

precipitation curve provides the temperature at which incip-

ient precipitation will start during the cool down (see the

dotted curve in Fig. 5). When the specimen starts to cool down

from 400�C to RT, the dissolved hydrogen atoms at 400�C do

not form hydrides until about 340�C because the solubility line

moves along the line AeB and then the hydrogen solubility

decreases along the dotted curve along the line BeC. It should

be noted that the hydrogen solubilities for precipitation at

400�C and RT are about 230 ppmand 10 ppm, respectively. The

comparison of these two hydrogen solubilities indicates that

the dissolved hydrogen atoms of 220 ppm are to be precipi-

tated when cooled down to RT.

The first phenomenon that the slower cooling rate gener-

ated the larger radial hydride fraction may be explained by a
Fig. 9 e Radial hydride average lengths of the nonoxidized and o

400�C under 150 MPa.
residence time at a relatively higher temperature during the

cool-down. The dissolved hydrogen atoms of about 220 ppm

at 400�Cmay be precipitated during the cool-down to RT in the

radial and circumferential directions depending not only on

their respective magnitudes of hydride nucleation energies

but also on their nearest available sites of hydride nucleation.

The slower cooling rate that generates a relatively long resi-

dence at a relatively high temperature may help the hydrogen

atoms more easily search out the radial hydride nucleation

sites with lower nucleation energies, while the faster cooling

rate may compel the hydrogen atoms to diffuse to the nearest

hydride nucleation sites, even with a higher nucleation en-

ergy, rather than to search out the radial hydride nucleation

sites having lower nucleation energies. Therefore, the rela-

tively longer residence time at higher temperatures may
xidized specimens cooled down to room temperature from

http://dx.doi.org/10.1016/j.net.2015.06.004
http://dx.doi.org/10.1016/j.net.2015.06.004
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result in the larger radial hydride fraction with the slower

cooling rate, as shown in Fig. 8.

By contrast, the cooling rate-dependent hydride length

variation may be explained by hydrogen supersaturation or

tiny hydride particulates precipitated during the cool-down

that could not be detected directly by the optical microscope

and the scanning electron microscope. It is generally known

that the faster cooling rate can increase the extent of

hydrogen supersaturation or make precipitated particulates

shorter. The indirect evidence for the hydrogen supersatura-

tion or tiny hydride particulates may be supported by the fact

that the faster cooling rate generated the shorter hydride

length, as shown in Fig. 9. The change in the radial hydride

length with time (Dt) may be described by the following

equation developed by Puls [25], based on the LifschitzeSlyo-

zoveWagner coarsening theory [26,27]:

a3 � a3
o ¼ 16g2

adDCS
Hyhyd

9gC
adpRT

Dt (1)

D ¼ Do expð � DE=RTÞ (2)

where, ao and a are the initial and the after-growth sizes, gad
2

is the surface energy between hydride and zirconium matrix,

gad
C is the coherent surface energy between hydride and zir-

conium matrix, D is the diffusivity of hydrogen atoms, Do is

the pre-exponential diffusion coefficient, DE is the activation

energy of hydrogen atom diffusion, CS
H is the hydrogen equi-

librium molar concentration, and yhyd is the molar volume of

hydrogen in the zirconiummatrix. Eqs. (1) and (2) indicate that

each nucleated hydride will grow faster with the increase in

residence time at a relatively high temperature. Considering

that a residence time at a relatively high temperature in-

creases with the slower cooling, it is natural that the slower

cooling generates the longer radial hydrides than the faster

cooling, as shown in Fig. 9.

The second phenomenondthat the 500 ppm-H specimens

generated smaller radial hydride fractions and shorter radial

hydrides than the 250 ppm-H specimensdmay be explained

by the relatively large amount of the undissolved circumfer-

ential hydrides of the 500 ppm-H specimens at the heat-up

temperature of 400�C. The undissolved circumferential hy-

drides at 400�C for the 500 ppm-H specimens may play an

active role in blocking up the growth of the radial hydrides and

subsequently limit the radial hydride length below the dis-

tance between the adjoining circumferential hydrides. This

may explain that the 500 ppm-H specimens generated the

smaller fraction of radial hydrides precipitated during the

cool-down and the shorter radial hydride length at the same

cooling rate and the tensile hoop stress.

The third phenomenondthat the radial hydride fractions

and lengths were reduced for the oxidized specimensdmay

be explained by oxygen-induced increase in hydrogen solu-

bility and probably in the radial hydride nucleation energy.

McMinn et al [17] reported that the hydrogen solubility

increased with the oxygen-containing Zircaloy-4 materials.

Yamanaka et al [18] also reported that the hydrogen solubility

increased in the lower oxygen content range but decreased in

the higher range. Based on these observations, it may be said
that the oxidized specimens having the oxygen contents of

~2.0 w/o used in this study may have a higher hydrogen sol-

ubility at the same cool-down temperature than the non-

oxidized specimens; generating the reduction in the amount

of hydrogen atoms precipitated during the cool-down and

subsequently smaller radial hydride fraction and shorter

radial hydride length than the nonoxidized specimens. How-

ever, the reason that the oxidized specimens generated a

smaller radial hydride fraction is not clear. It may be conjec-

tured that both oxygen and hydrogen atoms may compete to

occupy available radial hydride nucleation sites when a suf-

ficient tensile hoop stress is applied. As a result, the radial

hydride nucleation energy may increase due to the oxygen

occupation at the radial hydride nucleation sites, causing the

increase in the radial hydride nucleation energy in the

oxidized specimens.

Figs. 10 and 11 show the hydrogen content-dependent ul-

timate tensile strengths and plastic elongations of the non-

oxidized and oxidized specimens for the cooling rates of 0.3�C/
min and 8.0�C/min. The ultimate tensile strengths and plastic

elongations were determined using tensile hoop stress-strain

curves. The plastic elongations were calculated by subtracting

the elastic strain from the total strain, as explained by Kim

et al [7]. As seen in Fig. 10, the as-received specimens having a

hydrogen content of ~10 ppm generated nearly the same ul-

timate tensile stresses and plastic elongations, regardless of

the cooling rates. This may be explained by the small

hydrogen content of 10 ppm in the as-received specimens and

by the hydrogen solubility of ~20 ppm at 100�C (see Fig. 5),

indicating that hydrides in the as-received specimens may

start to precipitate at temperatures below 100�C and then such

hydrides, if any, may be oriented in the circumferential di-

rection during the cool-down process since the threshold

tensile hoop stress below 100�C seems to be much larger than

the tensile hoop stress of 150 MPa employed in this study.

As expected, the ultimate tensile stresses and plastic

elongations of the hydrogen-charged specimenswere reduced

drastically when the cooling rate was reduced from 8.0�C/min

to 0.3�C/min, as seen in Figs. 10 and 11. As seen in Fig. 10, the

nonoxidized specimens generated a higher ultimate tensile

strength than the oxidized specimens, except for the non-

oxidized 250 ppm-H specimen, which produced the least ul-

timate tensile strength. The plastic elongations of the

250 ppm-H and 500 ppm-H specimens were calculated to be

zero for the cooling rate of 0.3�C/min, regardless of oxygen

content in the specimens, and that of the nonoxidized

250 ppm-H specimen was calculated to be zero for the cooling

rate of 8.0�C/min, as seen in Fig. 11. These mechanical deg-

radations may be correlated with the radial hydride fractions

and lengths, as shown in Figs. 8 and 9, as well as the oxygen

content in the specimens.

In general, the hydride-induced mechanical degradations

can be related to the hydride orientation with respect to the

applied stress state. Bourcier and Koss [28] and Fan and Koss

[29] indicated that for specimens with circumferential hy-

drides under the tensile hoop stress state, the fracture is

basically ductile. The reason for this may be attributed to the

fact that the shape of hydrides is approximated as a flat

oblate spheroid [30e32], and the transverse fracture of the

circumferential hydrides produces a much smaller fractured

http://dx.doi.org/10.1016/j.net.2015.06.004
http://dx.doi.org/10.1016/j.net.2015.06.004


Fig. 10 e Ultimate tensile strengths of the nonoxidized and oxidized specimens cooled down to room temperature from

400�C under 150 MPa.
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area than the lengthwise fracture of the radial hydrides under

the tensile hoop stress state. Therefore, the radial hydrides

are much more deleterious to zirconium-base alloy cladding

tubes than the circumferential hydrides, especially when the

radial hydrides are longer. This is because longer radial hy-

drides may generate an interlinked radial hydride configu-

ration easily, which is finally transformed into through-wall

fracture. As seen in Figs. 10 and 11, however, the oxidized

specimens generated lower ultimate tensile strengths, except

for the nonoxidized 250 ppm-H specimen, and the oxidized

specimens generated much larger plastic elongations than

the nonoxidized ones for the cooling rate of 8.0�C/min. This
Fig. 11 e Plastic elongations of the nonoxidized and oxidized s

under 150MPa.
indicates that the oxygen content as well as the radial hy-

dride fraction may compete for reducing the ultimate tensile

strength and plastic elongation.
4. Conclusion

The effect of hydrogen content, oxygen content and cooling

rate on radial hydride precipitation behaviors during the cool-

down from 400�C to RT was investigated using as-received Zr-

Nb cladding tubes and hydrogen-charged tubes with and
pecimens cooled down to room temperature from 400�C

http://dx.doi.org/10.1016/j.net.2015.06.004
http://dx.doi.org/10.1016/j.net.2015.06.004
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without oxygen content. The key results obtained in this study

may be given as follows:

e The slow cooling rate generated the larger radial hydride

fraction. This may be explained by a residence time at a

relatively higher temperature during the cool-down. As

long as the applied hoop stress is larger than a certain

threshold hoop stress, the slow cooling rate generating the

longer residence at a relatively high temperature may help

the hydrogen atoms search out radial hydride nucleation

sites more easily, resulting in the larger radial hydride

fraction.

e The fast cooling rate generated the shorter hydride length

since hydrogen supersaturation or tiny hydride particu-

lates that precipitate becomemore probablewith the faster

cooling rate. In addition, each nucleated hydride occurring

for the slow cooling rate will grow faster with the increase

in the residence time at a relatively high temperature.

e The 250 ppm-H specimens generated larger radial hydride

fractions, longer radial hydrides, and smaller ultimate

tensile strengths and plastic elongations than the 500 ppm-

H specimens. Thismay be explained by the relatively larger

amount of the undissolved circumferential hydrides and

the smaller amount of the radial hydrides of the 500 ppm-H

specimens at the heat-up temperature of 400�C. The

remaining circumferential hydrides at 400�C might block

the growth of the radial hydrides and subsequently limit

the radial hydride length below the distance between the

adjoining circumferential hydrides.

e The oxidized specimens generated a smaller radial hydride

fraction and shorter hydride length than the nonoxidized

specimens. This may be explained by an oxygen-induced

increase in the hydrogen solubility.

e Ultimate tensile strength and plastic elongation can be

correlated with oxygen content as well as radial hydride

fraction. In general, the oxidized specimens generated

lower ultimate strength and plastic elongation than the

nonoxidized only if the radial hydride fraction is relatively

small, indicating that the oxygen content as well as the

radial hydride fraction may compete for reducing the ul-

timate tensile strength and plastic elongation.
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