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1 | INTRODUCTION

Yuriy Yagodzinskyy |
Sven Bossuyt

Antti Forsstrom I

Abstract

Ferritic nodular cast iron, intended for use as the material for inserts of can-
isters for long-term geological disposal of spent nuclear fuel, was studied for
hydrogen sensitivity. In the canisters, the insert provides the mechanical
strength against external loads. Hydrogen was charged from 0.1 N H,SO,
solution in free-corrosion tests and under controlled cathodic potential.
Hydrogen uptake and trapping were then measured using thermal desorption
spectroscopy. The hydrogen desorption rate after hydrogen charging manifests
two distinct peaks. Plastic deformation during hydrogen charging increases the
hydrogen uptake considerably. Hydrogen reduces the elongation to fracture
and time to fracture in slow strain rate testing and constant load testing (CLT),
respectively. Especially, the strain rate in CLT is dramatically increased. The
appearance of hydrogen-induced cracking in the ferrite phase changes from
ductile dimple fracture to brittle cleavage fracture due to hydrogen charging,
which initiates from the interphases of the graphite nodules. The results are
discussed in terms of the role of hydrogen and the graphite nodules in
hydrogen embrittlement of ductile cast iron.

KEYWORDS
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in addition to the metallurgical hydrogen originating from
manufacturing: residual water from the spent nuclear fuel

In the KBS-3 method of long-term geological disposal of
spent nuclear fuel, the load-bearing inserts of the canis-
ters are intended to be manufactured from ferritic nod-
ular ductile cast iron (DCI) EN 1563 grade EN-GJS-400-
15Ut ! (Figure 1). Recent studies of hydrogen effects on
the mechanical performance of DCI have shown a
remarkable sensitivity to hydrogen in the form of hydrogen
embrittlement and hydrogen-enhanced creep.m There are
some possible internal sources of hydrogen in the canister

assemblies, the amount of which left in each canister in
accordance with the design case must be <600 g,[”] and
hydrogen produced by (n, p) reactions and hydrides formed
in the zirconium-alloy fuel assemblies.l”! The effects of
hydrogen on all canister materials, including DCI, have to
be known and taken into account in the safety analysis of
spent nuclear fuel disposal.

The DCI's mechanical properties are affected by the
microstructure of its matrix (ferrite and possibly some
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FIGURE 1 KBS-3 canister. Copper shell and lid on the left
and cast iron insert and steel lid of the insert on the right. Posiva
Oy [Color figure can be viewed at wileyonlinelibrary.com]

pearlite) together with the shape, size, and distribution of
graphite, slag inclusions, porosity, and casting defects.°!
The requirements for the mechanical properties of the insert
material, ferritic nodular cast iron, are at ambient tempera-
ture: elongation to fracture >12%, tensile yield strength
>240 MPa, ultimate tensile strength >370 MPa, and fracture
toughness (in ductile fracture) Ky > 78 MPa(m)/2!"~*!

The effects of hydrogen on the embrittlement of var-
ious nodular cast irons have been reported in several
studies.'” ! The studies show that the available hy-
drogen tends to accumulate in the graphite nodules and
on the graphite/matrix interfaces.”'?! Under the influ-
ence of hydrogen, this material with typically ductile
behavior shows a cleavage-like brittle fracture in the
ferrite matrix between graphite nodules. This is observed,
in particular, under slow strain rates.[*'"'*!

To investigate the hydrogen embrittlement of DCI, the
microstructure was examined in the as-supplied state and
after charging to understand the changes caused by hy-
drogen on the microstructure. Then, the samples were
studied with hydrogen thermal desorption spectroscopy
(TDS) and scanning electron microscopy (SEM) after free-
corrosion immersion, electrochemical hydrogen charging,
and after slow strain rate tensile testing (SSRT), and con-
stant load testing (CLT) under continuous hydrogen
charging.

2 | EXPERIMENTAL METHODS

The effects of hydrogen on the graphite morphology and
mechanical performance of ferritic nodular cast iron grade
EN-GJS-400-15U were studied. The chemical composition of
the studied DCI is shown in Table 1. Casting 173 produced by
Posiva Oy, Finland, was cut as shown in Figure 2. A block of
the material was cut from the location marked with red

square (B) for manufacturing the specimens for tensile test-
ing and hydrogen charging. The samples were cut from near
the surface of the casting and from the depth of ~40 mm,
using electro-discharge machining (EDM). Two types of
specimens were made, that is, tensile specimens according to
the geometry shown in Figure 2b and TDS samples shown in
Figure 2c. Both specimens were mechanically ground to re-
move the EDM-affected surface layer. The gauge section of
the tensile specimens was mechanically polished, finishing
with 2,500 grit emery paper without lubrication. The TDS
samples were polished up to 2,500 grit emery paper using
common wet grinding and polishing techniques. After CLTs,
the TDS samples were cut immediately after terminating the
tensile test from the gauge part of the tensile specimens and
polished using the emery papers.

The tensile specimens were studied with SSRT and CLT
in air and under continuous hydrogen charging with con-
trolled electrochemical potential. The testing system con-
sists of a 35kN MTS desktop tensile testing machine
equipped with a three-electrode electrochemical cell with
Hg/Hg,SO, reference and Pt counter electrodes and a
Gamry potentiostat for controlled hydrogen charging. The
test set-up is shown in Figure 3. Electrochemical hydrogen
charging was performed at a controlled cathodic potential
of —0.85V from 0.1 N H,SO, solution with added 10 mg/L
thiourea. Each hydrogen charged tensile test was preceded
by 1hr precharging to uniformly saturate the specimen
with hydrogen before loading. Only the gauge parts of the
tensile specimens were exposed to the environment by in-
sulating the rest of the immersed specimen with poly-
tetrafluoroethylene (PTFE) tape. The total volume of the
solution was about 1,600 cm® and the pumping rate was
2cm?/s circulating between the test cell and the con-
ditioning container, which held the extra solution.

The SSRTs were performed with the strain rate of
10~*s™". The CLTs were performed in two stages: pre-
loading with 10™*s™" strain rate up to load of 160 MPa
(about 0.5 tensile strength of the studied DCI) as in the
previous study.!”! After preloading, the load was kept con-
stant for a predetermined time or until fracture. The hy-
drogen uptake of the material was then immediately
measured by using TDS. The time between termination of
the hydrogen charging and starting the TDS measurement
was kept to a minimum and did not exceed 20 min.

The TDS samples were exposed to the environment in
two ways. First, they were simply submerged in 0.1 N

TABLE 1 Chemical composition of nodular cast iron
EN-GJS-400-15U (insert 173) in wt%

C Si Mn S P Ni Cu Mg Fe

348 248 022 0.004 0.01 004 0.02 0.04 Bulk
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FIGURE 2 (a) The location of billet (a)
from which the samples were cut, marked
with B, (b) tensile specimen geometry, and
(c) thermal desorption spectroscopy
sample geometry [Color figure can be
viewed at wileyonlinelibrary.com]
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H,SO, solution with added 10 mg/L thiourea being at-
tached to a PTFE wrapped wire to study hydrogen ab-
sorption in the sample without external electrochemical
polarization. Second, the samples were exposed in a si-
milar three-electrode system with electrochemical po-
tential control at —0.85V in a similar chamber to the one
used for tensile testing, but without mechanical loading.

Hydrogen uptake and trapping were measured using a
custom-made TDS apparatus designed and assembled at
Aalto University. The device is based on the mass spectro-
metry of hydrogen desorption in an ultra-high vacuum

= end]

FIGURE 3 The tensile testing system consisting of a 35kN
MTS desktop machine with an electrochemical cell and Gamry
potentiostat [Color figure can be viewed at wileyonlinelibrary.com]

chamber under a constant controlled heating rate. With a
vacuum of 5x 10 °mbar, the hydrogen concentration
measurements are accurate down to quantities of about
0.1at ppm. The equipment allows the heating rate to be
varied between 1 and 10 K/min allowing the evaluation of
the activation energy of the hydrogen trapping sites in the
studied material. The operating temperature range is from
room temperature (RT) to 1,200°C. The heating rate of
10 K/min was used from RT to 650°C to study the release of
hydrogen and the behavior of trapping sites in DCI. The
Kissinger procedure!’ *'* was utilized with different heating
rates to evaluate the hydrogen trapping energies of different
sites.

The microstructural analysis and fractography were
performed with a Zeiss Ultra 55 field emission gun
scanning electron microscope. When applicable, the SEM
specimens were mounted using Struers PolyFast resin
and were prepared using conventional wet grinding and
polishing techniques down to a 0.25-um diamond paste.

3 | RESULTS
3.1 | Hydrogen effects on SSRT and CLT
of cast iron

Typical stress—strain curves obtained in SSRT are shown in
Figure 4 and strain versus time plots obtained in CLT in
Figure 5. As in the previous study,'”! the DCI's mechanical
properties show a remarkable reduction under hydrogen
charging. The ultimate tensile strength of the material was
markedly reduced in the SSRT test under hydrogen char-
ging and the elongation to fracture was halved.

The behavior of the DCI was more closely examined
using CLTs (Figure 5). Most CLT tests were interrupted
before failure to study the evolution of the material's
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FIGURE 4 Slow strain rate tensile testing (SSRT)
stress-strain curves in the air (blue) and under continuous
hydrogen charging (red) tested at room temperature [Color
figure can be viewed at wileyonlinelibrary.com]

deformation and crack initiation in constant loading
under hydrogen charging by examining the changes in
the graphite nodules and ferrite matrix of the material.
When the specimen was kept at a constant applied stress
of 160 MPa in air, the specimen did not show any re-
markable creep strain during the test period of several
days. However, when repeating the test under continuous
hydrogen charging, the specimen elongated at an accel-
erating rate leading to eventual fracture. There was a
noticeable scatter in the strain rates of different tests. The
scatter is, however, understandable due to several factors:
the comparatively small gauge size of the tensile speci-
mens means that the effects of any discontinuities in the
microstructure are enhanced. In other words, the fraction
and size of graphite nodules in relation to the size of the
cross-section of the specimen and their location with
respect to the edges of the specimen bring random var-
iations to the experiment. For instance, if a graphite no-
dule is located at or close to the edge of the specimen, it
causes stress concentration at the edge, leading possibly
to cracking in that location.

3.2 | Hydrogen uptake and trapping
The temperature position of the hydrogen desorption
peak depends on the effective trapping site of hydrogen,
as well as on the heating rate of the sample. The mag-
nitude and shape of the peak are related to hydrogen
release in each of the trapping sites. Thus, the area under
the peaks corresponds with the amount of hydrogen
trapped at these sites.

The as-supplied state of the material was studied
previously and it was found that the studied DCI showed

T T T T T
Cast Iron
20 CLT with applied stress 160 MPa

—— tested in air

tested under continuous
H-charging from 0.1N H,SO,
0" 15 | at-0.85V, 20 °C to:
—— fracture, 277 ks (77h)
——76ks (21 h)

54ks (15h

9ks (2.5 h)

Engineering strain x 1073, mm/mm
5
T
1

1 1 1 1 1
0 50 100 150 200 250

Loading time, ks

FIGURE 5 Strain versus time curves in constant load
testing (CLT) in the air (blue) and under continuous hydrogen
charging (shades of red) tested at room temperature [Color
figure can be viewed at wileyonlinelibrary.com]

two peaks, one around 500K and the other one at
700 K.l These peaks correspond with the existing me-
tallurgical hydrogen of about 2wt ppm in the studied
DCI. In tensile loading, a peak appeared at about 400 K
and the 500K peak shifted closer to 560 K with a large
increase in its magnitude under electrochemical hydro-
gen charging. The magnitude of the 400K peak also
markedly increased and the location shifted towards
450K in tensile testing with hydrogen charging.[4]

In this study, the DCI shows two distinct peaks of
hydrogen thermal desorption. Figure 6a shows the hy-
drogen desorption peaks when the sample is immersed
freely in 0.1N H,SO, solution without external me-
chanical loading or applied electrochemical potential.
The immersion time affects significantly the location and
magnitude of the peak correlating with the amount of
trapped hydrogen in the sample. The TDS curve for im-
mersion time of 2,400 s (40 min), for instance, shows how
hydrogen absorption mostly manifests as a 600 K peak.
The longer immersion times result in the saturation of
this high-temperature peak, the desorption rate being
about 0.4 at ppm/s. As the immersion time is increased,
the magnitude of the low-temperature peak at 450K
keeps increasing. This means that an increasing amount
of hydrogen is being trapped in this trapping site.

Figure 6b shows similar behavior to the free-
immersion tests for the specimens tested with the ex-
ternal electrochemical potential control for hydrogen
charging. The high-temperature peak reaches a similar
saturation level of 0.4at ppm/s, after which the low-
temperature trapping site is gradually activated. The
amount of trapped hydrogen increases with charging
time, reaching a similar level as in the free-immersion
tests. With the introduction of the external
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FIGURE 6 The characteristic peaks of hydrogen desorption from ductile cast iron in different test conditions. (a) After free
immersion in 0.1 N H,SO, solution for different immersion times. (b) After electrochemical hydrogen charging for different times.
(c) Measured from the gauge section of constant load testing specimens after interrupted testing under electrochemical charging

[Color figure can be viewed at wileyonlinelibrary.com]

electrochemical potential control, the time necessary to
absorb the same amount of hydrogen is, however, re-
duced markedly.

Figure 6¢c shows TDS curves obtained after CLTs
under continuous hydrogen charging. Again, the high-
temperature peak is saturated and the low-temperature
peak gradually increases. However, now under both
tensile loading and electrochemical hydrogen charging,
the low-temperature peak increases markedly more as
compared to the unloaded conditions. Thus, it can be
concluded that an external tensile loading causes
the formation of effective trapping sites which are
responsible for the increase of hydrogen uptake.

Assuming that the desorption peaks can be approxi-
mated with Gaussian functions, the measured complex
TDS peaks were decomposed into two components as
shown in Figure 7a. Applying the decomposition proce-
dure to the TDS peaks measured for the samples with
different electrochemical charging times, one can
obtain dependencies of the hydrogen concentration

corresponding to each component versus charging time
as shown in Figure 7b. As the charging time increases,
the amount of hydrogen corresponding to the high-
temperature peak remains the same, but it increases with
time for the low-temperature peak. The closed nature
of these peaks is examined more closely in Section 4. Using
the Kissinger procedure! *'*! for activation analysis of both
peak temperature positions versus the heating rate of TDS
measurement as shown in Figure 7c, the trapping energy
for these peaks can be found to be 0.30+0.006 and
0.65 + 0.03 eV, most likely corresponding with the ferrite
matrix and the graphite nodules, respectively.

3.3 | Microstructure and fractography of
DCI with hydrogen

Typical microstructures of the studied DCI are shown in
Figure 8. The material consists of a ferritic matrix with
dispersed graphite nodules. The graphite is mostly

(a) (b) (c)
T
1800 _ Castlron = 1o-e
2.0 Cast Iron CastIron 045" |1 charged from > o
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a1 g g 90 i

g £ 1200 T 0.30 .
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The characteristics of thermal desorption spectroscopy (TDS) curves. (a) The decomposition of measured TDS curve

into two peaks, (b) the amount of trapped hydrogen as a function of electrochemical charging time, and (c) activation analysis for
both components of the peak [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8

(a) General view of microstructure of as-received ductile cast iron cut from near casting surface and (b) after etching

in 2% nital solution. (c) A graphite nodule and (d) the graphite nodule/ferrite matrix interface before hydrogen charging

nodular with somewhat uneven distribution of nodules
related most likely to the segregation of alloying ele-
ments during solidification. All nodules are of type V
and type VI according to EN ISO-945-1:2018. The vo-
lume fraction of the graphite nodules is about 0.056. The
average nodule size in the studied part of the cast iron
insert is about 44.5 um, and the volume density of the
graphite nodules is 6.31x10>m™>. The spheroidal
graphite nodules have a layered flaked structure and
incoherent graphite/ferrite interface (Figure 8c,d). The
grain size of the ferrite matrix is about 78 um and a very
small amount of pearlite is present (<5%).

The graphite nodules are affected by hydrogen char-
ging (Figure 9a), and especially, the graphite nodule/
ferrite matrix interfaces exhibit multiple small cracks in
the ferrite matrix formed under hydrogen charging
(Figure 9b-d). Cracking at the interface of the graphite
nodules and eventual linkage of cracking between the
graphite nodules was not observed in the as-supplied DCI
(Figure 8). Only under hydrogen charging and with in-
creasing charging time or introduction of tensile loading,
microcracking at graphite nodule/ferrite matrix inter-
faces appears in increasing numbers, and the cracks grow
and connect forming a series of larger step-wise brittle
cracks in the material.

The fracture surface of an SSRT specimen tested in
the air is shown in Figure 10. It exhibits the typical
ductile fracture characteristics in the form of large cav-
ities around the graphite nodules and small dimples in
the ligaments, as is expected of the DCI tested in the air
(elongation to fracture 8%). With the uptake of hydrogen
under constant load, however, the ligaments between the
large cavities show brittle cleavage fracture facets as
shown in Figure 11a,b. The cleavage fracture occurs in
the ferrite between the graphite nodules. Large cavities
are also left by the graphite nodules in the ferrite matrix.
In the large cavities, the interface between the graphite
nodules and the ferrite matrix becomes visible showing a
faceted surface structure (Figure 11c,d). Energy-
dispersive X-ray spectroscopy analysis of the faceted
cavity surfaces shows only the presence of iron in the
spectrum indicating an interfacial detachment of the
graphite nodules during tensile testing.

4 | DISCUSSION

The TDS results show that the hydrogen uptake in free-
immersion and electrochemically charged DCI samples
are similar, but the electrochemically charged samples
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FIGURE 9 Graphite nodules of constant load testing tensile specimen cut from location B. Tested up to fracture (loading time
238 ks/66 hr). (a) The general appearance of cracking around a nodule, (b) close-up of cracking at nodule/matrix interface, and
(c and d) linking between adjacent graphite nodules by brittle cleavage cracking

show uptake of hydrogen at a much higher rate. The
behavior of the material in free-immersion tests shows
that the microstructure of DCI affects the uptake of hy-
drogen autocatalytically when hydrogen is available. This
means that the DCI in free-immersion forms micro-
galvanic couples between the iron matrix and the

-

100pm EH KW SignalA=SE2

Mag= 400X
WD=150mm Aperture Size =60.00um 9

graphite nodules where the graphite nodules act as local
cathodes and the iron matrix is the anode.

By comparing the TDS curves of the different testing
conditions, it can be concluded that the high-temperature
peak (600K) of hydrogen desorption depends only
slightly on the hydrogen charging method and external

.00 kV Signal A =
WD = 15.5mm Aperture Size = 60.00 pm

Mag= 200KX

FIGURE 10 The fracture surface of slow strain rate tensile testing specimen loaded in the air showing ductile fracture with large
cavities around graphite nodules and small dimples in ferrite ligaments
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FIGURE 11

10 pm EHT = 20.00 kv

Signal A= SE2
WD =103 mm Mag= 299KX

Date :8 Oct 2019 ZE1sS
Time :13:12:50

TiowITTF s

Hydrogen charged constant load testing specimens. (a) General view of the fracture surface and (b) a close-up of

brittle cleavage fracture facets in ferrite ligaments. (c) Side view of polished specimen cross-section surface showing multiple small
brittle cracks around a cavity left by a detached graphite nodule and (d) a close-up of the surface of the cavity

loading, and it will reach a saturation level of hydrogen
content. This indicates that the high-temperature peak is
related to a trapping site that does not markedly change
due to the charging procedure. Assuming that the gra-
phite nodules have a limited capacity to absorb hydrogen
and that the amount of graphite nodules in the material
is the same in different samples, it may be concluded that
the high-temperature peak is related to hydrogen trapped
in the graphite nodules. The low-temperature peak
(450K), however, is highly dependent on the external
loading of the specimen.

When the graphite morphology and microstructure of
the DCI were examined before and after hydrogen
charging, it was observed that the presence of hydrogen
causes the initiation of multiple small cracks around
some graphite nodules. The number of cracks and se-
verity of cracking was observed to increase with the in-
creasing charging or immersion time and especially due
to tensile loading. With long enough hydrogen charging
time or at high enough applied stress in CLT, the small
cracks link between the graphite nodules leading to crack
growth and consequent hydrogen trapping in the small

cracks. The hydrogen-induced cracks and defects at the
graphite nodule interfaces are, thus, assumed to be
the reason for the increasing hydrogen uptake related to
the growing low-temperature peak.

The micrographs of CLT specimens revealed that the
presence of hydrogen causes multiple small cracks to
initiate from the nodule interfaces around the graphite
nodules. In all conditions where hydrogen was available
to the specimens (immersion with or without electro-
chemical potential control and during tensile loading),
the graphite nodules show initiating small cracks at their
interfaces. With increasing time and the introduction of
an external tensile load, the small cracks coalesce be-
tween graphite nodules causing large cracks in the
microstructure.

The CLT and SSRT tests show that under continuous
hydrogen charging the mechanical properties of DCI are
markedly reduced compared with performance in the air
showing similar behavior as in the previous study.!*!
Fractography after CLT shows the separation of graphite
nodules from the ferrite matrix with the faceted interface
of the cavities and cleavage fracture in ferrite between the
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graphite nodules (Figure 11a,b). In the air without hy-
drogen (Figure 10), ductile fracture occurs forming small
dimples in the ferrite ligaments typical for a ductile ma-
terial such as DCI. It is of great significance that the
fracture behavior of DCI changes markedly in the pre-
sence of hydrogen. Hydrogen diffuses freely through
ferrite, but the graphite nodules can uptake the available
hydrogen and become saturated. The hydrogen build-up
and resulting internal gas pressure may eventually cause
the graphite nodules to detach from the ferrite matrix.
This introduces cracks in the microstructure and leads to
the initiation of brittle cleavage fracture.

The graphite nodules show multiple cracking around
their interface. These small cracks increase in number
and size as samples are charged for longer periods of time
or with applied external tensile loading. The reason for
the initiation of multiple cracks at the graphite/ferrite
matrix interfaces is related to hydrogen behavior in DCI.
Metallurgical hydrogen (about 2wt ppm) builds up in
austenite during solidification and during decomposition
of austenite upon cooling graphite nodules in the DCI act
as trapping sites for hydrogen. Graphite nodules exhibit
decohesion at the interface between the graphite and
ferrite matrix (Figure 8). Decohesion can have occurred
before hydrogen charging as graphite nodules have a
weak interface with the ferrite matrix. Hydrogen trapping
and recombination to hydrogen gas at the graphite no-
dule/ferrite matrix interfaces forms hydrogen gas mole-
cules, creating an internal pressure. Hydrogen-induced
cracking then results from the formation of high-pressure
gas in the internal cavities and microcracks.!*! Graphite
nodules are the preferable hydrogen-induced crack in-
itiation sites creating internal cracks. The pressure build-
up in the internal cracks due to hydrogen recombination
results in the crack growth. The critical hydrogen con-
centration at the graphite nodule interfaces is not known,
but the crack initiation took place at graphite nodules
independently of the charging conditions. The faceted
interface (Figure 11c,d) between graphite nodules and
ferrite matrix with geometrical discontinuities increases
the stress concentration around the graphite nodules and
can explain the initiation of multiple small cracks. In
addition, the internal pressure build-up causes tensile
stresses at the crack tips, which lead to locally increased
hydrogen concentrations promoting the crack growth.

5 | CONCLUSIONS

Hydrogen thermal desorption from the DCI manifests
two distinct peaks with maxima located between 400 and
500 K and close to 600K at the heating rate of 10 K/min.
The trapping energy for these peaks was found to be

0.30+0.006 and 0.65+0.03 eV, respectively. The low-
temperature peak corresponds to hydrogen trapped at
small cracks/voids forming at the interfaces of graphite
nodules and ferrite matrix, while the high-temperature
peak originates from hydrogen trapped in the graphite
nodules.

Micrographs of the cross-sections of the polished DCI
specimens after free immersion in 0.1 N H,SO, solution,
after interrupted CLT under continuous hydrogen char-
ging, and after hydrogen charging without loading show
intensive small crack initiation at interfaces between the
graphite nodules and the ferrite matrix already at the
initial stage of hydrogen uptake. These results confirm
the observations on the presence of hydrogen in the
graphite nodules and at the graphite/ferrite matrix
interfaces.

Hydrogen-induced formation of multiple small cracks
at the graphite/ferrite matrix interfaces and their linkage
causes the increased elongation of cast iron in CLT. The
ferrite matrix cracks by brittle cleavage fracture me-
chanism in the presence of hydrogen.
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