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Abstract

Hydrogen concentration in austenitic stainless steel irradiated with neutrons in boiling water reactors (BWRs) was
measured and the effect of hydrogen in the austenitic stainless steel on intergranular cracking was investigated by the
slow strain rate test (SSRT) in Ar gas. The hydrogen concentration decreased at low neutron fluences and increased at
high neutron fluences. The decrease was attributed to the effect of heating or y-ray irradiation at the early stage of
reactor operation. The increase at high fluences was considered mainly due to the generation of hydrogen by nuclear
transmutation. Intergranular cracking was not found for the specimen irradiated to a high fluence (1.4 x 10* n/m?) in
the SSRT at a very low strain rate (1.0 x 10~ s~!). This meant that the hydrogen concentration was too small to induce
cracking, or hydrogen could not diffuse because of being trapped in irradiation defects at the test temperature. © 2001

Elsevier Science B.V. All rights reserved.

1. Introduction

Austenitic stainless steel irradiated in a boiling water
reactor (BWR) has been reported to be sensitive to ir-
radiation-assisted stress corrosion cracking (IASCC) [1-
5]. The sensitivity depended on the neutron fluence and
became higher with an increase of fluence [1,3,5]. For
example, the sensitivity appeared at a fluence of
5% 10* n/m? (E>1 MeV) or higher for Type 304
stainless steel [3—5]. Furthermore it was found that the
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cracking by IASCC was caused by radiation-induced
segregation such as the depletion of Cr and Mo, and the
enrichment of P, S, Si and Ni in grain boundaries [6,7].
It was also reported that the sensitivity to intergranular
cracking could be reduced by reducing the dissolved
oxygen (DO) concentration for irradiated steel as well as
unirradiated sensitized steels [1]. The depletion of Cr was
assumed to be one of the key factors in the TASCC
mechanism. However, even at a very low DO concen-
tration where sensitivity to intergranular cracking dis-
appeared for unirradiated and sensitized steel,
intergranular cracking was induced and stress corrosion
cracking (SCC) sensitivity was indicated for the irradi-
ated steel. These results suggested that the sensitivity to
intergranular cracking was due to hydrogen [8]. As
the neutron fluence was increased, sensitivity to inter-
granular cracking by hydrogen appeared in irradiated
steel [9]. The sources of hydrogen that affected the
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intergranular cracking of steel were considered to be the
hydrogen in the steel itself and in the water environ-
ment. This paper focuses on the hydrogen in the steel.
The purposes of this work are to measure hydrogen
concentration in the steel, and to investigate the effect of
hydrogen in steel on the sensitivity of intergranular
cracking as investigated by the slow strain rate test
(SSRT) in inert Ar gas. The results of this experiment
are compared with the previously reported results of
SSRTs in Ar gas for the steel irradiated in a pressurized
water reactor (PWR) [10].

2. Experimental procedure
2.1. Materials

Test samples were Type 304 stainless steel pipe irra-
diated in a BWR. The dimensions of this steel pipe were
16 mm outside diameter (0.d.), and 1, 1.24, 1.5 or 2.3
mm thicknesses. The chemical composition, mechanical
properties and neutron fluence are shown in Table 1.
Neutron fluences ranged from 8 x 102 to 1.4 x
10% n/m?. These samples had been irradiated for 1-7 yr
in the reactor and then stored under water in the pool of
the power station for 7-10 yr after removal from the
reactor. The neutron fluence for each sample was cal-
culated for its position in the reactor core and the op-
eration history of the reactor. The as-received (AR) and
heat-treated (in  vacuum, 561 K x24h and
561 K x 72 h) samples of unirradiated Type 304 stain-
less steel Heats (A) and (B) were used as references for
comparison with the irradiated samples.

2.2. Hydrogen analysis

Hydrogen was analyzed with an RH404 hydrogen
analyzer (LECO, USA). The dimensions of specimens
prepared for the hydrogen analysis were 6 mm
wide x 10 mm long (weight: about 0.5 g). A flow dia-
gram of the hydrogen analyzer is shown in Fig. 1. The
specimen was melted in a pulse furnace filled with Ar
gas. The emitted gas, after removal of carbon dioxide
and moisture, was separated into hydrogen and nitrogen
in a column and the hydrogen was analyzed using a
thermal conductivity detector. In order to facilitate hy-
drogen analysis in a hot cell, the system was modified by
employing automatic sample recovery, and the number
of parts in the hot cell was reduced by separating the
stabilized power supply, controller, extraction part and
detector. When irradiated samples were analyzed, the
extraction and detector were installed in the hot cell and
the stabilized power supply and controller were installed
in the operation room (outside of the hot cell). The in-
side of the hot cell and operation room were connected

Table 1

Chemical composition, mechanical properties and neutron fluence in the materials

Neutron fluence (n/m?,
E> 1 MeV)

Mechanical properties?

Chemical composition (at.%)?

Dimensions

(mm)

Materials

Tensile strength  Elongation

Cr

Mn

Si

(%)

(MPa)

0, 8.0 x 10% t0 9.7 x 10*
0, 1.0 x 10* to 1.03 x 10*
4.6 x 10 to 6.0 x 10

8.0 x 10%, 1.4 x 10%

62.7
63.4
55
57

591
596
623
608

0.07
0.12
0.07

8.61
8.75
9.55
9.03

19.64
19.54
18.14

19.71

0.060 0.022
0.012

0.051
0.030 0.014

0.046  0.010

64
.69
5

1
1.7

1.
1.74

1.04
0.96
1.00

0.37

0.23

0.
0.23
05

2519.05 x 1.24¢
173 x 2.3¢

2516 x 1.5¢
P16 x 1t

Heat (A)
Heat (B)

Heat (C)
Heat (D)

Type 304

2 Mill sheet.

® Analyzed.
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Fig. 1. Hydrogen analysis apparatus flow diagram.

with gas pipes and electric cables, and analysis was
performed remotely from the operation room. The
measurement error of this apparatus was within
+11% after the calibration by using the standard spec-
imen.

Some of the difficulties in analyzing hydrogen in
irradiated steel using this apparatus are as follows.
When austenitic stainless steel is irradiated by neutrons
in a reactor, hydrogen and helium are generated as
gaseous elements. Nickel and nitrogen, which are
constituents of the steel, are transmuted by the irradi-
ation of fast neutrons and hydrogen is generated [11].
The generation rate depends on the fluence of fast
neutrons. The irradiation of Ni with thermal neutrons
generates He by two steps [12] and the rate depends on
the thermal neutron fluence. The major reactions of
generating protons (hydrogen) are given by the reac-
tion of **Ni(n, p) 3¥Co, and ’N(n, p) >C, etc. [11],
whereas those for helium are by the reaction of **Ni(n,
v) ¥Ni(n, o) *Fe [12]. In this reaction Ni is trans-
muted to *Ni by absorbing neutrons and emitting 7-
rays in the first step, and then ¥Ni is transmuted to
Fe by absorbing neutrons and emitting o particles
(He). Accordingly irradiated Type 304 stainless steel
contains both hydrogen and helium.

Hydrogen and helium cannot be analyzed separately
with this hydrogen analyzer, because there is little dif-
ference in thermal conductivity between hydrogen and
helium [13] which is the basis of their analyses.

The measured data of helium content for the irradi-
ated specimens used in this work have been published
[14]. The procedure for measuring helium content was
given in such a way that the number of thermally re-
leased “He atoms was counted by mass spectroscopy
[15].

The helium concentrations are plotted as a function
of fast neutron fluence in Fig. 2. The concentration of
He increased at neutron fluences of 1 x 10* n/m? or
higher. The helium concentration at each neutron flu-

24 09547
Y=9x10 X

Helium concentration (appm)

1102 1x10% 1x10% 1x10% 1107

Neutron fluence (n/.,F>1MeV)

Fig. 2. Fast neutron fluence dependence of measured helium
concentrations in Type 304 stainless steel (based on [14]).

ence was estimated from the figure, assuming that the
ratio of fast neutrons and thermal neutrons was constant
since these samples were irradiated in the same type of
reactor (a BWR). The hydrogen concentration was also
estimated by subtracting the helium concentration from
the apparent hydrogen concentration, which is the sum
of the hydrogen concentration and helium concentration
obtained in this experiment. The helium concentration
(C appm) to be subtracted must be doubled (2 x C
appm) because the analytical value of this analyzer for
hydrogen (H,, one molecule with two atoms) counts one
molecule of He as having two atoms, though He is
monoatomic.

2.3. SSRTs in Ar gas

Specimens for SSRTs in Ar gas were prepared using a
milling machine in the hot cell by remote operation. The
shape and dimensions are shown in Fig. 3. The SSRTs
were carried out with an SSRT apparatus installed in the
hot cell as shown in Fig. 4. The specimens were heated to
561 K in Ar gas after mounting in the apparatus for the
SSRT. Three different strain rates, namely 2.5 x 1077,
5.0 x 107® and 1.0 x 10~% s7! were selected. The frac-
tured specimens were observed by scanning electron
microscopy (SEM) to inspect the fracture modes and the
percentage of intergranular (%IG) cracking after the
SSRT.

05

M
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3
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3
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Fig. 3. Specimen shape and dimensions for SSRT.
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Fig. 4. SSRT apparatus system diagram (under Ar gas atmosphere).

3. Results and discussion

3.1. Hydrogen concentrations in unirradiated stainless
steel

The hydrogen concentrations in unirradiated AR
Type 304 stainless steel and heat-treated Type 304
stainless steel are shown in Table 2. In the AR condition,
the average hydrogen concentration in Heat (A) was 215
appm which was higher than that in Heat (B). A hy-
drogen concentration of 275 appm for unirradiated
Type 304 stainless steel has been reported [2]. The results
of this experiment were comparable to that in the ref-
erence for unirradiated, AR steel.

Regarding the average hydrogen concentrations after
heat treatment at 561 K x 24 h, 76% of the hydrogen

Table 2
Hydrogen concentrations of unirradiated Type 304 SS
Materials AR Heat treatment
(appm)  conditions
561 Kx 561 Kx
24 h 72 h
Type 304 Measured 175 52 48
Heat (A)  value 232 51 58
235
186
246
Average 215 52 53
Type 304 Measured 118 78 77
Heat (B)  value 164 68 71
227
116
178
Average 161 73 74

concentration for Heat (A) and 54% for Heat (B) were
released, resulting in 52 and 73 appm, respectively. As a
result, the hydrogen concentration in Heat (A) was
lower than in Heat (B). The results after 72 h of heating,
53 appm for Heat (A) and 74 appm for Heat (B), were
the same as the results after 24 h of heating. This meant
that almost all hydrogen released at 561 K was released
during the first 24 h of heating, and hydrogen diffused
faster in Heat (A) than in Heat (B). The difference be-
tween Heat (A) and Heat (B) was assumed to be due to
the difference in the solubility and diffusivity of hydro-
gen in steel due to the difference of trap sites in steel. The
different nature of the trapping sites, which are precipi-
tates of P and Cr carbide, etc. [16], was probably due to
a difference in manufacturing processes.

3.2. Hydrogen concentrations in irradiated stainless steel

The relationship of apparent hydrogen concentra-
tion, which is the sum of hydrogen concentration and
helium concentration, to neutron fluence in irradiated
Type 304 stainless steel is shown in Fig. 5. The apparent
hydrogen concentration included both hydrogen and
helium as mentioned in the hydrogen analysis method in

250)

200 @ teat (A ¥
m Heat ®) sl
a Heat © A

L ! L !
1x10% 1x10% 1x10% 1x10%
Neutron fluence (n/nf, E> 1MeV)

0
1x102 1% 107

Fig. 5. Apparent hydrogen concentration (hydrogen + helium)
in irradiated Type 304 stainless steel.
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Section 2.2. The hydrogen concentration was obtained
by subtracting the helium concentration from the ap-
parent hydrogen concentration at each corresponding
neutron fluence. The results are shown in Fig. 6. The
hydrogen concentration indicated a neutron fluence de-
pendency at the fluence of 5 x 10* n/m? (£ > 1 MeV)
or higher and increased with the increase of neutron
fluence. In order to investigate the reason for this, hy-
drogen generated by nuclear transmutation was calcu-
lated (calculated hydrogen generation). It was obtained
using the ORIGEN-2 code [17] based on the chemical
composition in Table 1 and neutron fluence. The neu-
tron absorption cross-section used was that prepared in
the ORIGEN-2 code. These results, and the relation
between average hydrogen concentration and neutron
fluence are shown in Fig. 7.

There was a difference in the tendency of increase in
Heats (A) and (C), and Heat (B). The hydrogen con-
centration in Heats (A) and (C) is discussed first. The
hydrogen concentration (about 30 appm) at a low neu-
tron fluence of 8.4 x 10 n/m? was lower than 215
appm of unirradiated steel and AR steel. The reason is
considered to be as follows. The hydrogen content at
first was decreased by the release due to the double ef-
fects of heating at 561 K at the early stage of operation
and v irradiation [18], and it became lower than that of
the unirradiated steel heat-treated at 561 K x 72 h.
Thereafter, the hydrogen concentration increased with
the increase of neutron fluence and reached about 110
appm at a high neutron fluence of 6 x 10 n/m?.

250

200k [Ofeat &
CHeat ()
AHeat (0)

aA
o S

T 08 !

<

oom

Hydrogen concentration (appm)

0 G . . L
Unirradiated _ 1% 10% 1x102 1x10% 1% 10% 1x10% 1% 109
After 561K 72h

heat treated

Neutron fluence (n/m)

Fig. 6. Hydrogen concentration in Type 304 stainless steel.
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Fig. 7. Comparison of measured and calculated hydrogen
concentrations.

The calculated hydrogen generation began to in-
crease at the neutron fluence of 1 x 10* n/m? and in-
creased exponentially with the increase of neutron
fluence. The Type 304 stainless steel Heats (A) and (C)
showed the same tendency as the calculated hydrogen
generation. The calculated hydrogen generation in-
creased and the radiation-induced defects (twin and
point defects, dislocation and dislocation loops), which
functioned as hydrogen trap sites, increased with the
increase of fluence [19]. Accordingly, the calculated hy-
drogen generation was trapped at trap sites such as
dislocation and dislocation loops, resulting in an in-
crease of the hydrogen concentration. The concentration
of hydrogen in Type 304 stainless steel Heats (A) and
(C) was about 30 appm higher than the calculated hy-
drogen generation as shown in Fig. 7. The hydrogen
concentration of 30 appm was comparable to that at the
fluence of 1 x 10** n/m? where hydrogen generation did
not occur. This meant that hydrogen generated by nu-
clear transmission was trapped at trap sites in Type 304
stainless steel and was not released by heating and y
irradiation.

The concentration of hydrogen in Type 304 stainless
steel Heat (B) was higher than that in the other Heats at
low fluence and increased with the increase of fluence.
The reason is considered to be as follows. The nitrogen
concentration in Heat (B) was higher than that in the
other Heats (refer to Table 1). As described already,
hydrogen was generated through the nuclear transmu-
tation of nitrogen by neutron irradiation. Therefore,
hydrogen concentration in Heat (B) was higher than that
in the other Heats after irradiation. However, the dif-
ference was too large to be explained by this reason only.
Another possible reason was that hydrogen was released
by v irradiation, but more hydrogen trapped at trap sites
might have remained in Heat (B). As mentioned in
Section 3.1, this could be assumed from the fact that the
hydrogen concentration in unirradiated Heat (B) after
heat treatment at 561 K was higher than that in the
other Heats. A slight difference in the manufacturing
process may also have an effect, because the manufac-
turers of Heats (A) and (C) and Heat (B) were different.

The trap sites such as irradiation-induced defects in
Heat (B) were assumed to have more hydrogen than in
the other Heats. It has also been reported that both
hydrogen generated by corrosion and absorbed hydro-
gen are found on the surface of stainless steel [20]. Hy-
drogen from these two sources may be absorbed or
trapped by the stainless steel. All such hydrogen would
be counted in the hydrogen concentration.

3.3. SSRT results in Ar gas
The results of SSRTs are shown in Table 3, indicating

that the total elongation and maximum stress are un-
changed for the different fluences and strain rates. In



246 J. Morisawa et al. | Journal of Nuclear Materials 294 (2001) 241-249

Table 3
SSRT results in Ar gas
Neutron fluence Strain rate Total elongation Max. stress %IG*
(n/m?, E > 1 MeV) ™ (%) (MPa)
8.0 x 10% 5x 1078 9.5 891 0
9.3 909 0
1.4 x 10% 2.5x 1077 9.3 896 0
5x 1078 9.3 909 0
9.1 901 0
1x10°8 9.2 893 0

#Percent intergranular cracking of fracture surface.

addition, intergranular cracking was not observed.
Typical fracture surfaces for different strain rates are
shown in Fig. 8, which shows that no effect of strain rate
is identified for the same neutron fluence.

No significant effect of neutron fluence, as seen in
Table 3, should arise because mechanical properties like
total elongation and maximum stress were saturated for
such high neutron fluences. This tendency was the same
as the results of high-temperature tensile tests of other
irradiated materials, in general.

The results of SSRTs in high-temperature water of 20
ppb and 32 ppm DO for Type 304 stainless steel at the
fluence of 1.4 x 10% n/m? and strain rate of 2.5 x
1077 s7! that have been reported previously [8] as well as
the results of this Ar test are shown in Table 4 and Fig. 9.
The results at 32 ppm DO are also shown as a reference.

Comparing the results at 20 ppb DO with those of the
Ar test, one of the two 20 ppb DO tests showed almost
the same fracture strain and fracture pattern as the test
in Ar whereas the other gave different results, i.e. a low
fracture strain and percent intergranular cracking of
fracture surface (9 %IG). The fact that intergranular
(stress corrosion) cracking disappears at 200 ppb DO for
unirradiated sensitized stainless steel [8], but intergran-
ular cracking was found at 20 ppb DO for solution
annealed stainless steels irradiated to 1.4 x 10°° n/m?,
indicated the possibility of intergranular cracking caused
by hydrogen.

On the other hand, Morisawa et al. [9] reported that
sensitivity to hydrogen-induced intergranular cracking
appeared when the fluence was increased, that the sen-
sitivity increased with the increase of fluence, and that

e—

L 1 75um

A

Strain Rate : 2.5x107 5™

Strain Rate: 1 x10°® s

Fig. 8. SEM fractographs of irradiated Type 304 stainless steel tested in Ar gas. (Fluence: 1.4 x 10% n/m?).
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Table 4
Comparison of SSRT results in Ar gas and in water at 561 K
Testing method Neutron fluence (n/m?, DO Strain rate (s”!) Total elongation Maximum %IG*
E > 1 MeV) (%) stress (MPa)
SSRT in Ar gas at 561 K® 1.4 x 10% - 2.5x 1077 9.3 896 0
SSRT in water at 561 K [8] 20 ppb 2.5x 1077 9.9 899 0
6.6 904 9
32ppm  2.5x 1077 6.4 872 95

#Percent intergranular cracking of fracture surface.
®This study.

1000

900 |-
800 |- SSRT
/ (DO=20ppb)
700 |-
2 SSRT/
s 600 |- (DO=20ppb) /
@ 500 SSRT (in Ar gas)
a (This study)
400
300 |- SSRT
(DO=32ppm)
200 |-
100 |
0 | | | | | | | | | | |
0 1 2 304 5 6 7 8 9 10 11 12

Elongation(%)

Fig. 9. Comparison of elongation-stress curves of SSRT results
in Ar gas (this study) and in water [8] at 561 K. (Type 304
stainless steel, strain rate: 2.5 x 1077 s71).

average intergranular cracking depth was as deep as
about 230 pm at the fluence as high as 1.4 x 10? n/m?.

The hydrogen affecting the intergranular cracking of
steel is the hydrogen in the steel and in the environment.
In this study, the effect of hydrogen in steel was inves-
tigated. The concentration of hydrogen in the steel in
Table 4 and Fig. 9 was estimated to be higher than 300
appm by extrapolation of the concentration obtained in
this test. However, intergranular cracking was not ob-
served in SSRTs in Ar gas. This meant that the hydro-
gen concentration was too small or hydrogen was

Table 5
Comparison of SSRT results in Ar [10]

trapped in irradiation defects and so could not diffuse at
this test temperature. If the hydrogen concentrations in
this steel were higher or the test temperatures were
higher, intergranular cracking could possibly have ap-
peared.

A comparison of the literature data on tensile tests
for irradiated 10% cold-worked Type 304 stainless steels
[10] with those of this test is made in Table 5. The SSRTs
in Ar at 581 K for Type 304 stainless steel irradiated in a
PWR showed intergranular cracking at the fluence of
5.0 x 10% n/m? and strain rate of 1 x 107% s7!, and as
the strain rate decreased, the %IG increased. The dif-
ferences between the two cases included irradiation
conditions such as irradiation temperature and pressure,
water quality (irradiated in a PWR vs. a BWR), with or
without cold working, and test temperature (588 K or
561 K). At higher temperatures, the diffusivity of hy-
drogen is increased [21] and hydrogen trapped in trap
sites may become mobile due to the movement of dis-
locations by tensile stress.

Other literature results of SSRTs in Ar for steel ir-
radiated with neutrons after sensitization are shown in
Table 6 [22]. Intergranular cracking was not observed
for unirradiated sensitized Type 304 stainless steel, but
when irradiated, sensitized Type 304 stainless steel
showed intergranular cracking (5 %IG) at the relatively
low fluence of 3 x 10% n/m? in SSRT in Ar. The
observations with a transmission electron microscope
and the measurements of the reactivating rate by a

Material Neutron fluence  Test temperature ~ Strain rate Total elongation =~ Max. stress %IG*
(n/m?) (X) (s (%) (MPa)
Ref. [10]  Type 304° 5.0 x 10% 588 5.0 x 1074 8.0 924 0
1.0 x 107¢ 9.3 944 34
2.0 x 1077 9.0 865 15-20
1.0 x 1078 9.3 848 30-35
This test ~ Type 304 8.0 x 10% 561 5x 1078 9.3 909 0
1.0 x 10% 2.5 %1077 9.3 896 0
1x10°% 9.2 893 0

#Percent intergranular cracking of fracture surface.
®10% cold-worked tubing.
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Table 6
Literature data of SSRT in Ar for stainless steel irradiated with neutrons after sensitization [22]
Material Fluence DO? YSt UTS® Total E¢ %I1G® %TG" Dimple
(n/m’) (ppm) (MPa) (MPa) () (%) (%) (%)
Sensitized 0 <0.01 19.1 41.8 34.0 0 44 56
Type 304 18.9 432 30.0 0 47 53
Ar 18.4 50.2 45.5 0 0 100
3 x 10% <0.01 27.4 40.6 13.6 14 28 58
27.1 41.1 16.1 19 15 66
Ar 27.4 48.5 37.3 5 0 95
Solution heat- 0 8 13.6 41.0 37.1 0 0 100
treated Type
304
3 x 10% 8 26.0 47.5 353 0 0 100

4 Dissolved oxygen.

®Yield strength.

¢ Ultimate tensile strength.

dTotal elongation.

¢ Percent intergranular cracking of fracture surface.
Percent transgranular cracking of fracture surface.

electrochemical potentiokinetic reactivation (EPR)
method indicated no difference in the microstructure or
corrosion resistance. The intergranular cracking ob-
served in SSRTs is considered to be caused by both
mechanical cracking and SCC [22], but not by hydrogen.

Intergranular cracking was observed in the SSRTs in
Ar for steel irradiated after cold working or sensitiza-
tion, but was not observed for the Type 304 stainless
steel irradiated after solution heat treatment as in this
experiment. The change of microstructure in stainless
steel by cold working or sensitization before irradiation
seemed to have affected the appearance of intergranular
cracking by SSRTs in Ar after irradiation.

4. Conclusions

The concentration of hydrogen in steel was measured
and SSRTs in Ar were carried out for Type 304 stainless
steel irradiated up to the fluence of 8 x 103 to
1.4 x 10° n/m? in a BWR.

The following conclusions were drawn:

1. The concentration of hydrogen in unirradiated Type
304 stainless steel was 160-220 appm for AR steels
and 50-70 appm for steel heat-treated at 561 K x
72 h.

2. The concentration of hydrogen in irradiated Type
304 stainless steel decreased at low fluence (below
5 x 10** n/m?) and then increased with the increase
of fluence. The first decrease was considered due to
the release of hydrogen by heating and vy irradiation
at the early stage of reactor operation.

3. The hydrogen concentration at higher fluence (higher
than 5 x 10* n/m?) in Type 304 stainless steel was
equal to or larger than the sum of the hydrogen con-

centration remaining at lower fluence and hydrogen
generation calculated based on the fluence irradiated
to Type 304 stainless steel. Therefore, the increase of
hydrogen concentration was considered due to the
hydrogen generated by nuclear transmutation.

4. Intergranular cracking was not observed in the SSRT

in Ar at the fluence as high as 1.4 x 10 n/m? and
very low strain rate of 1 x 1078 s~!. This meant that
either the hydrogen concentration was too small, or
hydrogen was trapped in irradiation defects, and un-
able to diffuse at the test temperature.
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