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This study examined the oxide compositions and structures found in cracks produced in a
four-point bend test bar that was exposed to an environment of steam doped with Cl, Fand S
ions at 400°C. Three different example cracks were extracted from the test bar, two from near
the tips of deep cracks (Cracks A and C), and one shallow, surface crack (Crack B). EDS and
SAD results indicated that two main kinds of oxides were present, containing mostly nickel,
but arranged as a 30-50 nm wide Cr- and Fe-rich inner layer showing spinel structure, and an
outer layer having NiO type structure filling the rest of the crack. A significant amount of ClI
as well as some F and S were detected in the oxide of the surface crack. Based on the obser-
vation of an epitaxial relation between the NiO and the matrix, as well as the relative thick-
nesses and composition variations in the different oxide layers, it would seem that the dopants
served to initiate the crack, and then once initiated, the formation of the NiO was dominant.
The Cr-rich spinel inner layer then subsequently grew at the interface with the matrix, becom-
ing thicker and more Cr- and Fe-rich as it evolved, perhaps promoting the transport of Ni
metal ions towards the outer oxide surface. Such behaviour is counter to that typically ex-
pected for PWR environments, but at this moment the real conditions existing in the crack
during doped steam testing are unknown, so the drivers of the crack oxide evolution in doped
steam are not self-evident. This summary report is focused on the results analysis and discus-
sion. More results and documentation of the characterization are presented in the Finnish-
language Appendix to this report.

Confidentiality | Public

Espoo, 4.11.2009

Written by Reviewed by Accepted by

Wade Karlsen Pertti Aaltonen Pentti Kauppinen
Senior Research Scientist Senior Research Scientist Technology Manager

VTT's contact address
Kemistintie 3, Espoo; P.O. Box 1000, FI-02044 VTT, FINLAND

Distribution (customer and VTT)
Teollisuuden Voima Oy, Neste Jacobs Oy,Metso Materials Technology, Posiva, Fortum Nu-
clear Services, STUK, TKK, VTT archive

The use of the name of the VTT Technical Research Centre of Finland (VTT) in advertising or publication in part of
this report is only permissible with written authorisation from the VTT Technical Research Centre of Finland.




V7T RESEARCH REPORT VTT-R-05722-09
2 (29)

Contents

R 1 a1 4 (o Yo [U 1o 1 o] o FURUTET TR 3

2 Materials and METNOAS ... .. onieee e 4

B R B SUIES e 6
3.1 EDS ANAIYSES ...t 16
3.2 SAD Of CraCk OXide StIUCTUI®. ... ..ee e aaas 20

A DS CUSSION ...t et 23
4.1 Crack and OXide ChAIrACLEL ..... e 23
4.2 CompPariSON tO lIHEIAtUIE..... ...t e e e e eeeaeees 26

5 Summary and CONCIUSIONS........uiiiiii et e e e e eeaeene 28

RO BB C S ..o 29



WT RESEARCH REPORT VTT-R-05722-09

3(29)

Introduction

Maintaining the structural integrity of key components of nuclear power plants
(NPP) throughout their service life is essential for plant safety and availability.
The operating experience of major NPP pressure boundary components has shown
that dissimilar metal weld joints can jeopardize the plant availability and safety
because of increased incidences of environment-assisted cracking (EAC,

PWSCC) of Alloy 600 and its corresponding weld metals (Alloys 182/82). Alloy
690 and associated weld metals (Alloys 152/52) are often used for repair and re-
placement of the affected thick-section components. The ERIPARI project exam-
ined the susceptibility of these alloys to hot cracking as well as their PWSCC sus-
ceptibility in reactor primary water. The selection of these new materials relies
mainly on excellent laboratory results and short-term service experience, but their
long-term behaviour and performance in the plant has still to be demonstrated. By
examining the cracking behaviour of tested materials though, some insight may be
gained that can enable better prediction of the performance to be expected over
the long term, particularly of the new alloy solutions. Such an effort has been
continued in the current PERDI project.

The dissimilar metal welds studied in the ERIPARI and PERDI projects have
shown clear segregation of Nb, Si, P and Mn in the final portion of liquid solidify-
ing at dendrite boundaries. Hot cracking was found to occur along the dendrite
boundaries. The susceptibility to hot cracking in the weld mock-up samples was
observed to follow the order Alloy 152 > Alloy 52 > Alloy 182 > Alloy 82, while
in pure (undiluted) weld metal hot cracking tests the susceptibility followed the
order: Alloy 182 > Alloy 152 > Alloy 52 > Alloy 82. The differences are thought
to be related to dilution effects in mock-up welds, because Fe, Si, and C promote
the eutectic phases, expanding the solidification temperature range [1]. However,
of particular interest in the continuation PERDI project, is the possible role of the
hot-crack susceptibility in promoting subsequent EAC cracking.

EAC tests on nickel-based alloys in general tend to be much longer, and therefore
more resource intensive, than similar tests on austenitic stainless steels. Thus, a
limited amount of laboratory EAC test results is available for the material combi-
nations of dissimilar metal welds of nuclear power plants, particular of the newer,
more resistant combinations. As crack initiation takes a very long time in actual
LWR water at relevant operating temperatures (years or decades), accelerated
tests have been conducted in an environment consisting of hydrogenated 400°C
steam doped with fluoride, chloride and sulphate anions. Inthe ERIPARI project,
comparison tests were performed on the material combinations in similar doped-
steam conditions, utilizing bolt-loaded four-point bend specimens.

In the current study within the PERDI project, TEM examinations were carried
out on cracks which were formed in one of the Alloy 600/182 material combina-
tions during the doped-steam test. Previous work examined the hot-cracks formed
in the same material combination.
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Materials and Methods

The material of this study came from the ERIPARI doped steam four-point-bend
test series on the materials combination “Mock-up TV.” Mock-up TV4 was com-
prised of Alloy 182 weld metal joining an Alloy 600 and the 182-butter of
stainless steel clad pressure vessel steel, in the geometrical combination shown in
Figure 1. The nominal composition of the weld metal (wt%) is 68 Ni, 16 Cr, 6.7
Fe, 6.5 Mn, 1.8 Nb, 0.8 Si. The specimen production, heat-treatment and subse-
quent doped-steam four-point-bend testing are all described in Section 3 of the
ERIPARI report published as VTT Research Notes 2399. For context, the reader
is encouraged to review that chapter.

The TEM examinations were carried out on cracks extracted from the four-point-
bend specimen TV4-7, which (according to Tables 3.1 and 3.2 of the aforemen-
tioned report) contained a longitudinally-oriented weld loaded with 1% of strain,
and exposed to four autoclave cycles for a total exposure time of 1172.5 hours.
The first cracks had been found (by the dye penetrant method) after about 734.5
hours of exposure. By test end the number of cracks was greater than ten, located
in the Alloy 600 base, the 182 weld and the 182 butter regions of the specimen,
and reached a maximum length of about 4 mm. The cracking occurred across the
weld, perpendicular to the weld (and specimen) axis. Noteworthy is that its pair
(TV4-8) did not appear to contain any cracks, even by the end of the fourth expo-
sure, while similar weld orientations of the same material combination but loaded
at the lower strain level of 0.35%, did exhibit cracks in dye penetrant examina-
tions.

Extraction and successful TEM characterisation of cracks and crack tips requires
careful attention to the specimen (foil) preparation. Particular cracks of interest
for TEM examination were first identified by preparing a metallographic cross
section of the cracked four-point-bend test bar, in the longitudinal orientation (e.g.
perpendicular to the cracks). Prior to this though, the cracks in the as-received
four-point-bend specimen were first vacuum back-filled with very low-viscosity
M-Bond epoxy, to help preserve the oxides. Coarse grinding of the cross-section
was then used to remove the Alloy 600 base material residing on one side of the
weld, to reach the crack-containing Alloy 182 of interest. This was followed by
standard metallographic grinding on wet SiC papers, followed by fine polishing
with diamond paste on a fabric platen.

In the polished cross-section it was observed that many more cracks were present
in TV4-7 than originally evident based only on the dye-penetrant inspections, with
some appearing to not necessarily even emerge at the specimen surface (thereby
preventing detection by dye-penetrant methods). Therefore, a similar metal-
lographic section was prepared from four-point-bend bar TV4-8, which had not
exhibited cracks in dye-penetrant inspections. However, no cracks were found in
that specimen by metallography either, so no further examinations were carried
out on that material.
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Figure 1: Geometry of dissimilar weld TV4 (left) and a schematic of the region from which
the longitudinally-oriented four-point bend specimens were extracted at the weld root.

Because individual cracks in TV4-7 spanned the width of the weld to greater or
lesser degree, it was deemed important to more accurately determine their geome-
try to facilitate locating TEM specimens. Therefore, the cross-section specimen
was de-mounted and then the weld face was ground and polished by hand. This
enabled both a cross-section (depth) and a length estimate for the cracks of inter-
est.

Several different kinds of cracks were chosen for TEM examination, sampling
both shallow surface cracks, as well as deeply-penetrating multi-branched cracks.
Once a crack region of interest was identified, a 5 mm wide strip of material con-
taining the crack (or generally several cracks) was cut from the piece with a wa-
ter-cooled high-speed micro saw, perpendicular to the weld direction (and thus
parallel to the crack orientation.) This produced a piece about 5x 8 x 3 mm in
size, as shown in Figure 2. Each of these blocks was labelled with an integer
added to the four-point-bend specimen identifier, as TV4-7-1, TV4-7-2, etc.

A number of cross-section TEM blanks about 0.5 mm thick were then sliced from
each block, perpendicular to the crack length, as illustrated in Figure 2. In that
image the main crack of interest is visible within the oval. Each resulting blank
was identified by an integer added to the block label, e.g. TV4-7-4-1, TV4-7-4-2,
etc.

In order to target particular regions and to preserve the integrity of the oxides
within the cracks, cross-section specimens of the oxide-filled cracks were fabri-
cated by a process of mechanical thinning of the blanks, avoiding conventional
electrolytic techniques. Numerous “working images” were used to document the
specimen preparation process, and many of those are included in the Appendix.
The slice of the region of interest was first ground down to about 0.1 mm thick,
and then trimmed to the appropriate 3 mm size to fit the TEM specimen holder. A
Gatan Dimpler was then used to gently grind and polish a small dimple in one
side of the specimen, targeting the region of interest (generally the crack tip).
This was followed by ion milling to electron transparency. As detailed in the Ap-
pendix, several different methods were tried in the dimpling process. However,
the process of final polishing with aluminium oxide was abandoned after the first
specimen series, when it was discovered that residual aluminium (and presumably
oxygen) subsequently showed up in analytical measurements.
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Figure 2: Schematic of specimen blank extraction process from four-point bend specimen
(left) and example of the slicing of a crack-containing block (top view) into a series of TEM
specimen blanks. The main crack of interest in TV4-7-4 was located in the middle (circled).

TEM examinations were carried out with a CM200 STEM equipped with a field-
emission gun (FEG) source. Selected area electron diffraction (SAD) was com-
bined with energy dispersive x-ray spectroscopy (EDS) in order to identify the
composition and structure of the oxides filling the cracks.

3 Results

There were three main kinds of cracks found in the materials examined. The most
common and of greatest interest were the deep, branching, irregular cracks like
that shown at low magnification in the light micrograph and SEM backscatter
electron (BSE) images of Figure 3 and Figure 4, respectively. Occasionally the
cracks left the plane of the cross-section, re-emerging elsewhere. Also found
were a few examples of what appear to be tearing-type cracks, as shown in Figure
5, and at higher magnification in Figure 6. Finally, there were many short cracks
evident at the weld surface, as shown in Figure 7. Perhaps actually a subset of the
deep, branching cracks, they appeared to extend from what may have been pits or
grooves at the surface. The image in Figure 8 shows a typical deep, branched
EAC crack formed in the TV4-7 doped-steam four-point-bend test. The crack
path suggests that it follows the dendrite boundaries of the weld metal. In BSE
imaging higher atomic number atoms tend to appear lighter, so the light particles
visible in both Figure 4 and Figure 8 are probably the primary niobium carbides
that were also observed in the as-welded materials. As shown at higher magnifi-
cation in Figure 9, the branched cracks are filled with some material, probably ox-
ide, all the way to the tips. The tips themselves are quite tight. The method of
mechanical grinding, dimpling and ion milling produces TEM specimens that
have only limited electron transparency within the metal, while the oxides are
generally readily visible. Thus, the characterization efforts in this study were de-
voted primarily to the identification and spatial analysis of the oxides within the
cracks.
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Figure 3: Light micrograph of a deep, wandering crack in four-point-bend speci-
men TV4-7 following the exposure to doped steam. While the specimen exhibited
several of such large cracks open at the mouth, many more were very much
tighter and even more branched.

Accelerating Voltagelsbot Size Matjhification Detecto - 09C0450
20 kV 3 250 x BSE | ——100 ym——
Figure 4: SEM backscatter electron (BSE) image of a typical EAC crack found in

four-point-bend specimen TV4-7 following the exposure to doped steam. The light
particles are probably Nb-carbides.
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Accelerating VoltagelSpot Size|Magnification|Detecto 09C0452
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Figure 5: SEM BSE image of what would appear to be a tearing-type crack found
in four-point-bend specimen TV4-7 following the exposure to doped steam.

Accelerating VoltagelSpot Size]Magnification Detectoerorking Distance] 09C0453

25 kV 5 2000 x BSE 10 mm 10 um—
Figure 6: Higher magnification SEM BSE image of a tearing-type crack found in
four-point-bend specimen TV4-7 following the exposure to doped steam.
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Figure 7: At the weld surface, many small cracks appeared to extend from pits or
grooves at the surface, as shown in this light micrograph. It is filled with what is
probably oxide.
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Figure 8: Higher magnification SEM BSE image of a deep crack. They tended to

be heavily branched, perhaps following the solidification dendrite boundaries.
The light particles are probably niobium carbides.
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Figure 9: Viewed at higher magnification in SEM SE mode, it is evident that the
cracks are filled with some compound, probably oxide, especially at the very tight
crack tips.

TEM specimen slice TV4-7-4-1 was prepared from one of the deep, branched
cracks of piece TV4-7-4, such that the primary crack tip and a side branch flank
were both amenable to TEM examination, as shown in the images of Figure 10
and Figure 11. The appearance of those cracks in low-magnification TEM images
at locations A, B and C are shown in Figure 12, Figure 13, and Figure 14, respec-
tively. The crack in the first two images, hereafter referred to as “Crack A”, ap-
peared to be filled with a fairly uniform oxide all the way to its relatively blunt
tip. The nature of that oxide is shown more clearly in Figure 15, which also
shows what appear to be some globular particles within the crack at its narrowest
point. Meanwhile, the side branch in location C was quite tight and irregular. In
that location (tangential to the crack flank at that point), there also appears to be
some globular phase at the foil edge.

For comparison, Figure 16 shows one of the shallow surface cracks, referred to
henceforth as “Crack B.” It has a rather wide mouth that quickly tapers to a nar-
row, oxide-filled crack. As shown in Figure 17, the oxide in this crack also
tended to be fairly uniform in appearance.

Finally, Figure 18 shows a portion of the wake of one of the long, branched oxide-
filled cracks, also from piece TV4-7-4, referred to hereafter as “Crack C.” The
oxide appears to be comprised of blocky particles adjacent to the base material,
with the rest of the crack filled by a more uniform-looking phase. As shown at
higher magnification in Figure 19, the oxide adjacent to the metal in Crack C is
quite heterogeneous in geometry, with both light areas and dark areas, in both fac-
eted shapes and more globular forms. Closer to the tip the crack would seem to
be filled mostly with the larger, globular shaped oxide, as shown in Figure 20.
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Figure 10: Specimen preparation of TV4-7-4-1, showing dimpled crack (left) and
subsequent ion-milled crack (lower part of right-hand image).

Accelerating Voltage|Spot Size|Magnification|Detector| -
20 kV 3,977 1200 x SE —20 ym—

Figure 11: Closer SEM image of the electron transparent regions of the crack,
from the area indicated by the blue rectangle in the previous image. The letters
refer to the regions shown in the following images.
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Figure 13: Region B of Figure 11, showing the apparent tip of “Crack A.”
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Figure 14: Region C of Figure 11, showing a side branch, probably of “Crack
A
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Figure 16: A shallow surface crack, "Crack B."

20 nm

Figure 17: Closer examination of the oxide morphology in "Crack B."
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Figure 18: A portion of the trunk of one of the long, branched oxide-filled cracks
from piece TV4-7-4, referred to as "Crack C."

Figure 19: Crack C viewed at higher magnification. The oxide adjacent to the
metal is quite heterogeneous in geometry, with both light areas and dark areas, in
both faceted shapes and more globular forms. The middle region, meanwhile, is
quite uniform and continuous in appearance.
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Figure 20: Closer to the tip, Crack C would seem to be filled mostly with larger,
globular shaped oxide.

EDS Analyses

To better understand the nature of the oxides in these cracks, a number of EDS
spot analyses were taken from different regions of the material filling the cracks.
This is documented in more detail in the Appendix. In general, all of the crack
examples had some features in common. In all regions of the oxides there was
much less nickel than in the weld metal substrate, and likewise, generally more
chromium. The oxygen content generally increased from the substrate towards
the middle of the crack. The chromium content of the oxide structures was gener-
ally highest adjacent to the substrate, while in the substrate immediately adjacent
to the oxide the alloy may have been depleted in chromium and iron. Dark,
globular and angular particles were often found within the cracks, generally at-
tached to one wall or the other. These were typically Nb-based particles rich in
Mn (e.g. coated, co-segregated, etc. with Mn).

Each of the crack examples showed some key differences as well. Crack A
showed the most uniformity in composition, generally showing the oxide region
to be similar in composition to the weld metal, but having markedly lower nickel
content and perhaps slightly higher chromium content than the weld metal. On an
atomic weight basis, the oxygen increase was roughly commensurate with the
nickel decrease and slight chromium increase. The particles, meanwhile, were
mostly niobium with significant quantities of manganese. A similar uniformity in
composition was evident in Crack B, with the exception that the oxide in Crack B
also contained significant quantities of chlorine, some sulphur, and possibly fluo-
rine (Appendix Table 11). Finally, the oxide in Crack C showed significant vari-
ability, particularly within the heterogeneous region close to the substrate. In that
region there was significant spatial variation in the nickel, chromium, iron and
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niobium contents. The darkest regions within this inner portion often showed sig-
nificantly higher niobium and/or manganese contents, while substrate regions of-
ten showed depletion of iron and chromium. Meanwhile the lighter, more uni-
form region filling the middle of Crack C was particularly high in oxygen and
tended to be much richer in nickel than in chromium or iron.

The compositional differences discovered within the different cracks’ oxides
prompted a more methodical analysis of them. That analysis data is shown in the
Appendix (Tables A1-A6, A8-Al10, All). Figure 21 shows the compositional
profiles at a wide region of Crack A. The figure illustrates the fact that the com-
position fluctuation is principally observed in the region adjacent the crack wall,
and that the primary actors would seem to be Ni and O atoms. The Niand O ratio
is roughly 1:1. The other principle elements also appear to be present, at about
the same level as in the weld material. This would suggest an oxide having metal-
lic atoms in the ratio 2Ni:1Cr:1Fe, with some incorporation of Mn and Si as well.
Another profile of Crack A, across the whole crack and at closer measurement
spacing, is shown in Figure 22. It shows a similar trend as the previous profile for
the metallic atoms in the middle region, but with a higher oxygen content indi-
cated. On the other hand, immediately adjacent the crack walls on each side there
appears to be some fluctuation in the composition, with a depletion and then en-
richment of Ni, Cr and Fe, and an opposite trend of enrichment and depletion of
0. On the right hand side there is also an apparent peak in Si and dip in Mn,
while on the left hand side there is a dip in the Si content. The O content appears
to reach a maximum at the middle of the crack.

For comparison, Figure 23 shows profiles measured from Crack B, particularly
focused on the region adjacent the crack wall. Crack B also exhibited a fluctua-
tion in Cr near the crack wall, with its peak occurring in a region about 20-30 nm
wide close to the substrate. As in the case of Crack A, the Ni content seemed to
mainly reflect the inverse of the O trend, with the exception of the higher Cr re-
gion. Particularly interesting in the profiles of Crack B, however, is the presence
of Cl. The CI content was remarkably high, particularly on either side of the
higher Cr region. The presence of Cl was evident only in Crack B, and was not
found in Crack A nor Crack C.

The oxide structure in Crack C was much more heterogeneous than in Crack A
and Crack B. Nonetheless, some example trends for each element as a function of
distance from the apparent metal/oxide interface are shown in Figure 24, collated
from miscellaneous exploratory spot analyses. Since the interface was not distinct
nor uniform, the precision of the collection locations was only about £10 nm. De-
spite the heterogeneity, the composition appears to fluctuate in a manner similar
to that of Crack A and Crack B, clearly displaying the Cr-rich region at the crack
wall. However, Crack C exhibited much more Cr enrichment than Crack A or
Crack B, while its O profile no longer followed the inverse of the Ni content so
closely in the oxide region. Also apparent from the trends is the similarity in be-
haviour between Fe, Cr and Mn, while the Ni fluctuated more independently.

Thus, while in each of the example cracks the magnitude of composition fluctu-
ated somewhat differently, in all cases there was a chromium-rich inner region at
the crack wall and a more nickel-rich outer region.
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Figure 21: Composition profile in atom percent for a wide portion of Crack A, along the blue

line shown in the image.
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Figure 22: Composition profile in atom percent for a narrower portion of Crack A, along the
blue line shown in the image. The large grey particles visible on the left and bottom of the

image are niobium and manganese rich.
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Figure 23: Composition profiles in atom percent for two different portions of the Crack B ox-
ide, focused on the region closest to the substrate (i.e. crack wall). There is a chromium-rich
inner layer occurring in a region about 20-30 nm wide. Of particular interest is the presence
of chlorine, particular located on either side of the Cr-rich region. Fluorine and sulphur
were also detected in Crack B oxide, though at lower amounts than the CI.
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Figure 24: Composition profiles in atom percent for the oxide of Crack C, compiled from
miscellaneous spot analyses. The figures clearly show a Cr-rich region a few tens of nm wide
at the crack wall, in this case showing much more Cr enrichment as compared to that in
Crack A or Crack B. In these cases the O profile no longer follows the inverse of the Ni con-
tent so closely in the oxide region though.
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SAD of crack oxide structure

Electron diffraction was utilized to try to better understand the structure of the ox-
ides. The SAD effort is described in more detail in the Appendix (Figures A49-
A52, A62-A69 and Figures A97-A99.) In general though, it was found that even
the smallest selected area aperture was still too large to permit any clear structural
differentiation between the Cr-rich inner portion of the oxide and the outer oxide
filling the cracks. Instead the SAD patterns were often populated by a conglom-
eration of what were probably a number of different diffraction patterns for differ-
ent grains and structure types simultaneously, preventing unambiguous identifica-
tion of individual regions.

Nonetheless, Figure 25 shows one of the best SAD pattern examples found, which
was recorded from the more uniform oxide in the middle of Crack C. The ring-
type SAD pattern containing discrete spots indicates that the structure is nano-
crystalline, with randomly oriented grains simultaneously diffracting. As demon-
strated in the Appendix, the distribution of the rings as a particular series of pairs
and singular rings of specific diameters suggests that the structure is face-centered
cubic (FCC). Calculations based on the measured diameters of those rings indi-
cated that the oxide had a lattice parameter of a, = 3.905 A. For comparison, a
NiO type of oxide also has a FCC structure, but its lattice parameter in pure form
is a, = 4.179 A. That would produce a SAD ring pattern having the same ring pe-
riodicity, but of slightly smaller diameter.

On the other hand, the EDS analyses consistently indicated the presence of Cr and
Fe (and often Mn as well). Such mixed-composition oxides often take on the
form of a diamond-cubic structured spinel oxide, having a version of the
stoichiometery AB,O,4, where A is a divalent Ni (or Fe) ion and B is a trivalent Cr
or Fe ion [2]. Inits pure form, a chromium oxide spinel has a lattice parameter of
a, = 8.36 A, and would exhibit diamond-cubic ring periodicity in SAD. When
such a ring pattern was superimposed on a diffraction pattern composed mostly
from the more heterogeneous inner layer of the oxide of Crack C, a reasonable fit
was achieved, as shown in Figure 26. It may be that the model ring pattern is
slightly smaller than that of the actual ring pattern of the image, which would
suggest a slightly smaller lattice parameter in the actual oxide. However, the poor
quality of the diffraction pattern prevented such a calculation from being satisfac-
torily achieved. The fact that some of the spots along the rings are much brighter
than others indicates some preferential orientation in some particular directions,
possibly in relation to the substrate metal.

The oxide of Crack B was also examined with SAD. Though the result was much
less clear, it seemed that the spinel oxide ring pattern was a better fit than that of
an idealized NiO or of the FCC oxide identified in Figure 25.
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Figure 25: An example of a SAD ring pattern from the more homogeneous oxide in the middle
Crack C (location indicated in left hand image) suggested a face-centered cubic (FCC) struc-
ture having a lattice parameter a, = 3.905 A.

W

Figure 26: An example of a SAD ring pattern from the heterogeneous oxide at the crack wall
of Crack C (location indicated in left hand image) suggested a diamond cubic structure simi-
lar to the idealized version of a spinel oxide having a, = 8.36 A (overlay rings in right hand
image).

Crack A offered an opportunity to examine the relationship between the oxide
and the matrix, as shown in the series of images in Figure 27. As demonstrated
by the solutions shown in the Appendix (Figures A29-A37), the SAD patterns
indicate an epitaxial NiO formed in a distinct orientation relationship with the
matrix. While SAD32 is comprised principally of the Ni alloy matrix spots with
only a minor presence of a ring of NiO spots, SAD30 mostly indicates an almost
amorphous NiO, with the pair of bright spots from the Ni alloy matrix only
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faintly visible. However, SAD31 shows more predominate NiO rings, with
greater crystallinity indicated by the rings of equally spaced, but separate spots.
The Ni alloy matrix spots are much more evident in SAD31 as well, and the ori-
entation relationship between the two phases is apparent as the inner ring of
spots enclosed by a square of matrix spots (a pair of primary spots and a pair of
spots resulting from double diffraction with the oxide). Noteworthy is that the
lattice parameter in this case is closer to that expected for pure NiO. The amor-
phous character in the outer oxide may be an artefact of the ion-milling, which is
known to produce a thin amorphous layer, which would then be more apparent
in extremely thin regions like that of SAD30.

Figure 27: SAD patterns of three oxide/matrix regions in Crack A, showing an apparent epi-
taxial oxide formation. SAD30 mostly indicates an almost amorphous NiO, with a couple of
bright spots from the Ni alloy matrix. SAD31 shows much more predominant NiO with
greater crystallinity indicated by the rings of equally spaced, but separate spots. The Ni alloy
matrix spots are much more evident as well, and the two phases share an orientation relation-
ship. Finally, SAD32 is comprised principally of the dominant pair of Ni alloy matrix spots,
with only a minor presence of the larger ring of oxide spots, and no inner ring of spots.
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Discussion

The EDS and SAD results for the three different crack examples suggest that two
kinds of oxides may be present, and that they seem to be arranged as an inner
layer immediately adjacent to the crack wall and an outer layer filling the rest of
the crack. The SAD analyses indicated that the oxides may take on either a dia-
mond-cubic spinel structure or a face-centered cubic NiO type structure, in some
cases having a slightly smaller lattice parameter than the pure counterpart. The
EDS analyses indicate that the inner layer is richer in Cr and Fe than the outer
layer, but the oxide is still predominately Ni rich.

Crack and oxide character

As was described earlier, mixed-composition oxides often take on the form of a
diamond-cubic spinel oxide having the stoichiometery AB,QO,4, where A is a diva-
lent Ni (or Fe) ion and B is a trivalent Cr or Fe ion [2]. Thus, in its purest form
the combined Cr and Fe content of such a spinel should be at least double its Ni
content. Figure 28 shows the Cr+Fe amount plotted with the Ni and O composi-
tions for the oxides of each crack. Immediately evident from those plots is that in
Crack B and Crack C the Fe+Cr content exceeded the Ni content in the region of
the Cr-rich inner oxide. In particular, in Crack C the 2:1 ratio of (Cr+Fe):Ni was
clearly fulfilled in the inner layer, the same region from which the spinel SAD
pattern was recorded (Figure 26). Thus, the inner oxide of the cracks is most
likely comprised mostly of a Cr (Fe)-rich spinel.

By contrast, in the outer oxide layer of Crack C a clear NiO type SAD pattern had
been recorded (Figure 25), corresponding to the region where the Cr and Fe con-
tents were back to about the same levels as they had been in the substrate adjacent
to the spinel layer. Similar SAD findings were made for the Crack A oxide,
which was shown to have an epitaxial NiO structure (Figure 27) while the Cr and
Fe tended to fluctuate synchronous with the Ni content, at about a (1+1):2 ratio
(e.g. Cr+Fe = Ni). Although the quantification of the exact oxygen content via
EDS is unreliable, the stoichiometry at the middle of Crack A reached about
Ni,CrFeQ,4. Therefore it is plausible that the oxide in Crack A is primarily NiO,
with the other elements (Cr and Fe, and possibly Mn and Si) simply being incor-
porated into the lattice in approximately the same amount as they were present in
the matrix, in the place of Ni ions. While some Cr fluctuation was observable at
the crack walls, in that particular specimen the examined area was close to the ac-
tual crack tip, so the situation may represent an active crack.

Meanwhile, Crack C would then seem to represent a mature/stagnant stage of
crack, in which the initial Cr- and Fe-containing NiO has decomposed into a more
obvious two-layer oxide comprised of an inner layer of Cr (Fe)-rich spinel oxide
and an outer layer of NiO. Leaching of Cr and Fe from the substrate (crack walls)
could expand the crack width while redistribution of Ni could then be occurring at
the outer oxide, filling the crack. This is plausible also from the perspective that
the examined portion of Crack C was some distance behind the crack tip, in the
wake of the crack. Therefore, Crack C could represent an evolved form of Crack
A
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Figure 28: Plots of the combined Cr and Fe content in comparison to the Ni and
O profiles for oxides in (clockwise from upper left) Crack A, Crack B, Crack B
and Crack C.

Such a decomposition process could be represented by Crack B, which would
seem to be in a transitory stage. While the SAD of the Crack B oxide suggested
that a spinel-type oxide was present, some spot formations may have been more
attributable to a NiO, and overall they were difficult to separate confidently (Ap-
pendix, Figures A98 and A99). Likewise, the Cr+Fe amount only exceeded the
Ni content at the peak of the inner oxide layer, and even there the ratio did not yet
approach 2:1. The extent of segregation in Crack B versus Crack C is illustrated
in Figure 29, where individual element profiles are collated (in weight percent) for
point analyses of the oxides of Crack C (solid symbols) and Crack B (open sym-
bols). In both cases the tendency for Fe, Cr and Mn to coexist in the inner oxide
is apparent, but in Crack C the variation in composition is even greater. Thus,
Crack C would seem to be a more evolved stage of Crack B.

Also noteworthy with respect to Crack B was the presence of Cl and possibly S
and F, which were not found in any significant amount in the other cracks. The
super-critical steam was intentionally doped with impurities of chloride, sulphide
and fluoride to enhance crack initiation. The discovery of those impurities in
Crack B, coupled with the fact that Crack B was a very shallow crack like that
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shown in Figure 7, indicates that Crack B most likely represents a crack that initi-
ated, but did not grow very far before it arrested. The formation of the Cr-rich
spinel inner layer then proceeded. The formation of a NiO prior to the Cr-rich
spinel is supported in this case also by the observation that the Cl was associated
more with the NiO than with the Cr-rich spinel.
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Figure 29: Collated element profiles in weight percent for point analyses of the oxides of
Crack C (solid symbols) and Crack B (open symbols). In both cases the tendency for Fe, Cr
and Mn to coexist in the inner oxide is apparent, but in Crack C the composition variation
was even greater. The presence of Cl is evident only in Crack B, and was not detected in

Crack A or Crack C.
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Comparison to literature

The true conditions within a crack in doped steam are not known. However,
while the literature on nickel alloy oxides is mostly focused on tests carried out on
specimens immersed in hot water, some parallels may be possible between that
and the doped steam environment. The literature for tests in hot water supports
the possibility of both a NiO and a Cr-rich spinel oxide coexisting in nickel-based
alloys. As summarized in the literature review VTT Research Report BTUO73-
041285 [3], bi-layer oxide film structures are typically observed in nickel-based
alloys, but the film formation kinetics are generally considerably slower than that
on stainless steels, even at a high oxidative power of the environment, producing
thinner films with smaller crystallite size than for stainless steels in comparable
conditions. The report further describes that Cr enrichment in the films has been
observed especially in the inner layers formed in PWR primary and secondary
side coolants. It adds that the films on nickel-based alloys do not exhibit spinel
structures alone, but depending on the extent of reducing power of the environ-
ment (e.g. the concentration of dissolved hydrogen in the PWR water), they also
contain either NiO or elemental Ni. According to that literature review, at short
exposure times in PWR conditions the films contain essentially Cr,O3, whereas
Ni(OH), and NiO are formed for longer exposure times or in the presence of
higher content of NaOH. The effect of temperature on the surface film composi-
tion in lithiated water is such that substantial Cr enrichment is observed in the
temperature range 250-300 °C only, with nickel being the main cationic constitu-
ent of the films for temperatures below 250 and above 300 °C. Finally, the litera-
ture review pointed out that long-term exposure in PWR water generally produces
inner layers of spinel+NiO(or Ni) and outer layers enriched in Fe, stating that it
has been demonstrated that perhaps due to the immiscibility of the spinel phases
such as NiCr,0,4 and NiFe,Qy4, the outer layer on nickel alloys after prolonged ex-
posure can act as a sink for Fe from the coolant.

The oxides found in the cracks of this study, produced by four-point-bend testing
in doped steam, reflected similar features as described for the nickel alloys ex-
posed to PWR water conditions, but there were still some key differences. Firstly,
while Fe was present in both the inner and outer layers of the crack oxides of this
study, it did not appear to be particularly enriched in the outer layer, rather tend-
ing to be enriched in a manner similar to Cr. That is probably because, in doped
steam, the possibility for liquid coolant exchange does not exist, so the oxide is
not serving as a sink for Fe from the coolant, as described for immersion tests in
PWR conditions. Also, although Cr enrichment was clearly present in the inner
oxide layer, it could not be described as substantial in most cases, and the width of
that inner layer (~30-50 nm) tended to be only a small portion of the overall width
of the oxide-filled crack.

Alternatively, Lozano-Perez and Titchmarsh [4] carried out analytical TEM of
SCC cracks initiated in Inconel 600 following constant load tests in PWR primary
water conditions, and found that cracks seemed to initiate and grow at chromia
formed at grain boundaries intersecting free surfaces and blunted, open cracks, but
found that open cracks were filled with nano-crystalline NiO and large compound
particles of spinel and NiO. They attributed that distribution to a difference in po-
tential between closed, attacked boundaries and open cracks. That would suggest
that the findings of the current study may principally represent the latter scenario,
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whereas closer examination of surface regions could reveal the internal oxidation
of grain/dendrite boundaries that precede crack opening.

On the other hand, the description by Thomas et al. [4] for the oxides in SCC
cracks of nickel-based alloys suggests that an epitaxial based on the NiO can be
the first oxide to form, due to the lack of sufficient Cr to promote the Cr-based
spinel expected by thermodynamics . Such behaviour would seem to be the more
likely case for these materials tested in doped steam, since Crack A showed an
epitaxial relation between the NiO and the substrate, and in the other cracks the
spinel oxide layer in general still contained significant quantities of Ni as well.
This is supported by the earlier statement that in lithiated water Ni enrichment is
preferred over Cr enrichments at temperatures above 300°C (the doped steam test
was carried out at 400°C).

Likewise, in conducting analytical TEM of primary-side cracks in an Alloy 600
nozzle head penetration and its accompanying Alloy 182 J-weld of the David
Besse PWR, Thomas et al. [6] described a “complex IG corrosion behaviour” in
which oxidation progressed along the dendrite boundary, reacting the carbides and
other segregation found there, producing corrosion products containing Nb as well
as Mn and other minor alloying elements in addition to the principal alloy ele-
ments. Similar oxidation of all the interdendritic species occurring in the doped
steam cracks of this study would explaining the complex diffraction patterns and
heterogeneity in composition observed within the cracks (including the presence
of Nb and Mn), particularly evident in Crack C.

On the other hand, following the doped steam tests the compositions of similar
cracks were also mapped by FEG-SEM EDS, and those findings seemed to indi-
cate that many such cracks were filled with metallic nickel, particularly large
cracks (~4 micron), especially at the open crack mouths. However, the cracks of
this TEM study were examined close to their tips where the width was < 1 micron,
and they did not seem to exhibit any metallic Ni filling the cracks. This would in-
dicate that perhaps the existence of pure nickel represents a final stage of evolu-
tion of the cracks, following the growth of the chromium-rich spinel. 1t may be
noteworthy that in NiO the M:O ration is 1:1, whereas in the spinel it is 3:4, so if
there is only a limited amount of oxygen available in the doped-steam tests, then
perhaps at the outer oxide regions there would be a return to metallic Ni as the
oxygen diffuses inward to react with the growing Cr-rich spinel. Such a scenario
would require reducing conditions in the crack though, and the exact conditions
existing in the crack during the doped steam test are not known. Nonetheless, H.
Hanninen et al. [7] recently theorized that such reducing conditions are possible
because of the relationship between the Ni stability and the local hydrogen content
in the crack. As he states, the Ni stability region is close to the H, —H,0 line in
high temperature water, while the stability regions of Fe and Cr are below the line.
Further, the critical H, fugacity varies with temperature, and increasing the H, fu-
gacity causes the corrosion potential to decrease into the Ni stability region. Since
the hydrolysis reaction of metal ions (Cr, Fe, etc.) produces additional H+ /H, in-
side the cracks, the increased H, fugacity lowers the Ni** and NiO stability, ena-
bling metallic Ni to be deposited. Therefore, it could be that metallic nickel
would be found only once the Cr-rich spinel had substantially grown.
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Finally, of particular interest to power plant operation is the potential relationship
between hot-cracking and EAC crack initiation and/or propagation. In fact, as
shown in Figure 5 and Figure 6, some cracks were found in the cross-sections
which exhibited tearing type behaviour, but they did not seem to contain any ox-
ide. Analytical TEM investigations were carried out earlier in the PERDI project
on the same Inconel 182 weld material, but in the as hot-cracked condition. The
findings indicated that the hot cracking was typically associated with the signifi-
cant segregation of minor and trace alloy elements as a eutectic at the weld den-
drite boundaries, which then tended to tear as a consequence of significant resid-
ual strains arising from the mismatch between the matrix and eutectic [8]. Such
cracks were generally rather wide, with a sharply jagged path and smooth, undu-
lating fracture surfaces, and ended in a rather blunt tip. In the current study the
EAC cracks were very heavily branched and quite narrow and sharp towards their
tips. While Nb- and Mn-rich regions were indeed found within the oxides, the
composition overall was not as consistently heterogeneous as had been observed
in the eutectic regions in advance of hot cracks. Likewise, Crack B in this study
was clearly initiated at the surface, immediately taking on similar characteristics
as the other cracks, whereas hot-cracks have been shown to occur within the mate-
rial itself, without necessarily intersecting the material surface. Similar observa-
tions of EAC occurring independent of hot-cracking in Alloy 182 were made by
Thomas et al. in their examinations of Alloy 182 safe-end nozzle weldments from
Ringhals-4 PWR [9] as well as the aforementioned primary-side cracks in an Al-
loy 600 nozzle head penetration and its accompanying Alloy 182 J-weld of the
David Besse PWR [6].

5 Summary and Conclusions

This study examined the oxide compositions and structures found in cracks pro-
duced in a four-point bend test bar that was exposed to an environment of steam
doped with CI, F and S ions at 400°C. Three different example cracks were ex-
tracted from the test bar, two from near the tips of deep cracks (Cracks A and C),
and one shallow, surface crack (Crack B). EDS and SAD results indicated that
two main kinds of oxides were present, containing mostly nickel, but arranged as
a 30-50 nm wide Cr- and Fe-rich inner layer showing spinel structure, and an
outer layer having NiO type structure filling the rest of the crack. A significant
amount of Cl as well as some F and S were detected in the oxide of the surface
crack. Based on the observation of an epitaxial relation between the NiO and the
matrix, as well as the relative thicknesses and composition variations in the differ-
ent oxide layers, it would seem that the dopants served to initiate the crack, and
then once initiated, the formation of the NiO was dominant. The Cr-rich spinel
inner layer then subsequently grew at the interface with the matrix, becoming
thicker and more Cr- and Fe-rich as it evolved, perhaps promoting the transport of
Ni metal ions towards the outer oxide surface. Such behaviour is counter to that
typically expected for PWR environments, but at this moment the real conditions
existing in the crack during doped steam testing are unknown, so the drivers of the
crack oxide evolution in doped steam are not self-evident. This summary report is
focused on the results analysis and discussion.
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