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ABSTRACT

Be it nuclear fission or fusion technology, the most severe problems that plague
the nuclear fission industry and the breakthrough in the nuclear fusion research and
development programs are materials-related problems. Extreme hazardous
environments of intense radiation field and high temperature resulted from the fission
and fusion reactions demand a careful selection of materials employed in nuclear
applications. Materials-related problems do not only occur in the nuclear part of the
plant but also in the steam cycle part of the unit similar to fossil fuel plants.
Degradation of turbines and corrosion of heat exchanger unit have often stalled the
electricity production of power plants leading to significant financial burden on the
industry and consumers. The phenomena of intergranular stress corrosion cracking
(IGSCC) and irradiation assisted stress corrosion cracking (IASCC) are of particular
concern due to its severity and subsequent impacts on nuclear power systems. Despite
much of the extensive research to improve materials resistance to IGSCC and IASCC,
problems still persist. New materials have been introduced and may help reducing the
problems but to solve the problems fundamental research and understanding of the
problems is needed. Recent experiments indicate that intrinsic properties of grain
boundaries can affect a wide variety of grain boundary phenomena which in turn affect
the bulk properties of polycrystals. The geometrical model of grain boundary structure
and potential applications of grain boundary engineering to improve IGSCC and
IASCC properties is introduced and discussed

INTRODUCTION

The operation of light water reactor (LWR) nuclear power plants provides a
significant fraction of the world's electric power generation. There are approximately
360 such plants in operation representing a total generating capacity of 320 GWe [1].
As these plants age, the impact of environmental degradation of reactor materials is
increasingly recognized. The environment of a nuclear reactor core, characterized by
very high pressure, large thermal gradients and intense nuclear radiation, place very
stringent demands on the materials of core components. Not only the nuclear core
components which receive tremendous attention, the non-nuclear components such as



steam generators have also suffered severe environmental degradation problems
imposing a significant economic burden on utilities and their customers.

For the past two decades, the phenomenon of intergranular stress corrosion
cracking (IGSCC) of alloy 600 (Ni-16Cr-9Fe alloys), extensively used as steam
generator tubes, was responsible for the greatest part of steam generator tubes leakage
causing a reduction in plant capacity and a safety problem. This material was first
developed for containers for shipping milk, not for steam generator tubes. Over the
last ten years, PWR steam generator problems in the United States rank second, behind
refueling outages, as the most significant contributor to loss of electricity generation
[2]. Between 1980 and 1987, 10,500 steam generator tubes, Figure 1, were plugged
at a cost of $10 million and two steam generators were replaced at a cost of $50
million each [3]. Despite more than 2 decades of extensive research, mechanisms
responsible for IGSCC still remain unclear. However, it has been suggested that alloy
600 be replaced by alloy 690 (Ni-30Cr-9Fe) as the materials for steam generator tubes.
Through vigorous laboratory testing, substantial reductions of intergranular attack and
SCC problems could be achieved using alloy 690.

Irradiation assisted stress corrosion cracking (IASCC) is now recognized as
one of the major engineering concerns for extending the operating life of LWRs. The
failure of stainless steel components due to brittle cracking at high stresses and very
low strain exposed to the primary coolant water and the high neutron flux in the
reactor core has been confirmed in various field investigations, and is an ongoing
concern in reactors worldwide [4]. The cracking of in-core components is of
particular concern since these components are difficult if not impossible to replace due
to their location in the reactor core. As a result, efforts to understand the cracking
behavior are being conducted in order to reduce the likelihood of crack formation, the
rate of crack propagation and extending the operating life of existing LWRs.

The complexity of nuclear reactor environments has implications that materials
developed for other purposes cannot always be utilized directly in nuclear reactors.
Careful research on their performance in the anticipated environment, combined with
sound engineering, is required to ensure simple, safe and reliable operation. Materials
may be modified or new ones developed for some applications . New materials may
help reducing the problems but to solve the problems fundamental research and
understanding of the problems is needed. This paper begins by reviewing IGSCC and
IASCC problems in nuclear power systems from microchemistry and microstructure
aspects in an attempt to establish microstructural and microchemical features with
observed intergranular cracking behaviors. Finally, ideas and new frontier research to
improve intergranular properties via grain boundary engineering will be presented.

INTERGRANULAR STRESS CORROSION CRACKING (IGSCC)

Problems of materials degradation in non-nuclear components have been
concentrated mostly around the intergranular failures of steam generator tubings. In



pressurized water reactors (PWRs), nickel-base alloy, alloy 600, has been extensively
used as steam generator tubings. This alloy has a nominal composition of Ni-16Cr-
9Fe. The alloy was chosen because of its excellent general corrosion resistance as well
as resistance to localized attack in aqueous environments containing chloride. While
performance has been generally adequate, the material has been found to be susceptible
to intergranular attack (IGA) and IGSCC. It is well known that IGSCC of alloy 600 is
a manifestation of an essential interplay between stress, environment, and susceptible
microstructure. Of these parameters, the microstructure has been the most difficult to
define because of the varying grain boundary chemistry [5].

Microstruture

The grain boundary microstructure of the alloy 600 tubing is dictated by the
final mill anneal temperature which controls the carbide distribution and grain size [6].
It was observed that as the mill anneal temperature increased, allowing more carbon to
remain in solution, IGSCC susceptibility decreased [7]. Low mill anneal temperatures
produce a microstructure consisting of small grains and heavy intragranular carbide
precipitation, while high mill anneal temperatures result in a microstructure consisting
of large grains, abundant intergranular carbides, some intragranular carbides and more
carbon in solution. In addition to high mill anneal temperature, the thermal treatment
of 16 hours at 700°C after low mill anneal (at 980°C or less) temperature has been
observed to increase IGSCC resistance. Thermal treatment results in structures
containing mostly intergranular precipitates, M7C3, while mill-annealed (MA)
structures contain precipitates which are mainly intragranular. Figure 2 shows the
cracking time of reverse U-bend specimens as a function of carbide distribution [8]. In
this plot, alloys with structure type I had mainly IG carbides and were relatively crack
resistant, while alloys with structure type II and III had mostly intragranular carbides
and cracked after shorter times. Although the thermally treated or high mill anneal
temperatures alloy 600 improves the IGSCC resistance, it is not immune to cracking.
Furthermore, the correlation of the beneficial effect of intergranular carbides and
cracking is not perfect. Tubings with a low intergranular carbide density (high
temperature mill anneal) showed significant resistance to IGSCC; however, tubings
with heavy intergranular carbides produced by thermal treatment were found to be
more susceptible to cracking than those with less intergranular carbides produced by a
mill annealing process [7], Figure 3.

The formation of chromium carbides in alloy 600 when heated in the range of
500-900°C also results in chromium depletion. Although the distribution of carbide
shows some correlation with IGSCC susceptibility, the role of chromium depletion in
IGSCC in pure water environment is not clearly defined. Some evidence exists
indicating that chromium depletion is detrimental in O2 containing water, such a
correlation does not seem to apply in deaerated water where sensitization appears to
be beneficial rather than detrimental [9]. Rajan et al. [10] performed constant
extension rate tensile (CERT) experiments in 360°C deaerated water on controlled
purity Ni-Cr-Fe-C over a range of chromium depletion levels (5 wt% Cr to 15 wt%
Cr) which showed no effect on IG cracking in deaerated water, Figure 4. In fact, the



percent IG cracking starts to rise only after most of the chromium depletion has been
replenished by diffusion.

Microchemistty

Segregation of impurities to grain boundaries of alloy 600 has also been
suspected as a possible contributor to IGSCC in high purity water. Was and Rajan
[11] found that in CERT tests during cathodic charging of controlled purity Ni-16Cr-
9Fe alloys in IN H2SO4 at -760 mVscE and 22°C, an increasing grain boundary
concentration of P correlated well with an increase in both the maximum stress and the
total elongation, Figure 5. These results are in agreement with those of Cornet et al.
[12] who found a decrease in %IG fracture in a P-doped high purity alloy of Ni-16Cr-
8Fe. The segregation of boron in alloy 600 was confirmed by Hall and Briant [13];
however, its role in IGSCC has not been established whether its presence is harmful or
benign. Yamanaka [14] found that boron segregated to grain boundaries accelerate
IGSCC in deaerated 50% NaOH at 350°C; however, its effect is no longer present
following heat treatment at 700°C for 54 hrs. Sung and Was [15] tested Ni-16Cr-9Fe
heats with controlled impurity additions using constant extension rate tensile
experiments in 360°C high temperature water, Figure 6. They found that samples
doped and heat treated to induce intergranular segregation of phosphorous (CPD) and
boron (CBD) demonstrated that alloy impurity segregation retards intergranular
cracking. Thus, phosphorous and boron segregation to grain boundaries has no
detrimental effect on IG cracking, and in fact, a beneficial effect.

It is apparent that neither aforementioned microstructure, i.e. carbide
distribution, nor grain boundary microchemistry, i.e. impurity segregation, can explain
the IGSCC susceptibility of alloy 600. However, it becomes obvious that
microstructural and microchemical features of grain boundaries are crucial in
controlling environmentally-induced-cracking of steam generator tubings. Although
the mechanisms remain unclear, only through systematical experiments via isolating
each microstructural and microchemical variables then one can gain deep
understanding the role of each variables play in IGSCC susceptibility of alloy 600.

IRRADIATION-ASSISTED STRESS CORROSION CRACKING (IASCC)

Materials behaviors in intense radiation field of the reactor cores are proven to
be even more challenging. In-core components of all reactor types and in many
materials including stainless steel and high strength iron- and nickel-base alloys are
susceptible to irradiation assisted stress corrosion cracking (IASCC). A recent review
identifies some 17 components, covering six iron-base or nickel-base alloys and four
reactor designs, Table 1 [4]. At present, several research programs have been
established with the goal of developing a better understanding of the IASCC
phenomenon in order to develop mitigation measures to maintain reactor safety.
Unfortunately, the costs and dangers of gathering data on radiation effects are high and
the phenomenon itself is so complex that it is difficult to enumerate all of the causes.



IASCC involves the premature intergranular cracking and failure of materials in
aggressive environments which is induced or accelerated by ionizing radiation. The
majority of LWR experience with IASCC failures is concentrated on austenitic alloys
in high temperature water. In general, austenitic stainless steels may have failed
intergranularly as a result of thermal sensitization. At temperatures between 450-850
°C, austenitic stainless-steels could form chromium-rich carbides leaving the grain
boundary deplete with chromium making the boundaries susceptible to IGSCC.
However, the formation of such carbides is not required for the occurrence of IASCC
[16]. Figure 7 illustrates observations of intergranular cracking at spot welds in boiling
water reactors (BWR) control blade sheaths. Above an apparent threshold dose of 5
xlO20 n/cm2 , which corresponds to about 0.8 displacements per atom (dpa),
intergranular cracking was observed with increasing frequency as the dose increased.
Clearly, this demonstrates that the observed intergranular cracking behavior results
from irradiation induced changes in the alloy that may involve alterations of
microstructure and microchemistry. Nevertheless, the microstructural and
microchemical changes due to neutron irradiation has yet to be extensively
investigated.

The amount of data on microstructural and microchemical changes of neutron-
irradiated specimens are scarce due to significant costs and time scale involved in the
analyses. The high residual activity resulting from neutron irradiation requires that
experiments either be conducted entirely within hot cell or be allowed to decay for
extended periods of time. These problems were popularly overcome by several
research group via irradiating alloys with light ions to induce microstructural and
microchemical changes similar to those created by in-core irradiations [17]. Other
forms of radiation such as heavy ions, helium, and protons have been used to model
radiation damage induced by neutron requiring much less time with little or no sample
activation.

Microstructure

The immediate result of radiation damage is the creation of vacancy and
interstitial pairs. However, it is their long range motion and agglomeration of these
point defects that alters the microstructure and mechanical properties of irradiated
austenitic alloys. Bruemmer et al [18] suggest that the primary microstructural change
during LWR irradiation (288°C, < 5 dpa) is the formation of dislocation loops. A well
controlled experiment using 3.4 MeV proton irradiation to simulate in-core radiation
damage on solution annealed ultra high purity 304L stainless steel [19] showed that
prior to irradiation, a loose dislocation network is observed with a density of 1013 m"2

in the alloys. After a total dose of 1 dpa, those loose dislocations present before
irradiation were not observable, instead, short segments of dislocations, dislocation
loops, black dot (interstitial or vacancy) loops were observed, Figure 8. The evolution
of microstructure during irradiation is a complex process depending on a number of
parameters; however, the aforementioned are the primary form of radiation damage in
austenitic stainless steels. The subject has been thoroughly reviewed by Maziasz and
McHargue [20].



The evolved defects will affect mechanical properties of the alloys. In general,
the small loops inhibit or retard dislocation motion thereby increasing the flow stress of
the material and reducing ductility, Figure 9 [21]. A compilation from published data
on IASCC susceptibility and mechanical properties conducted at a strain rate around 2
xlO"7 s"1 in high purity water containing 32 ppm oxygen, Figure 10, indicated that
harder materials are more susceptible to intergranular cracking [21]. This implies an
intimate link between the deformation process of irradiated specimens and IASCC
susceptibility. It was found that bulk plasticity in irradiated specimens occurs primarily
via localized deformation within bands, "dislocation channeling" [18], Figure 11. The
dislocation channels consist of multiple parallel planes in which one dislocation after
another travels across the grain to the opposite grain boundary. However, this
phenomenon results in intense shear bands and can cause localized necking and a sharp
reduction in uniform elongation. If such processes were to be confined to the grain
boundary region, then the combined effect of grain boundary microchemistry may act
in concert to increase the SCC susceptibility.

Microch emistry

Although the deformation process in irradiated specimens are significant altered
by microstructural changes, most of the recent attention has been focused on the issue
of radiation induced segregation (RIS) as being the main cause of the "weakening"
grain boundaries leading to IASCC [22]. This segregation process is driven by the flux
of radiation-produced defects to sinks such as the free surface, grain boundaries and
other interfaces. Since the relative mobility and concentration of each alloying
elements is not the same, a net transport of the constituents to or from the sinks will
occur. As a result, there will be either a buildup or a depletion of alloying elements at
the sinks - principally grain boundaries and free surfaces. Scanning transmission
electron microscopy (STEM) results showed significant depletion of Cr and Fe and
enrichment of Ni and Si at the grain boundaries that cracked, Figure 12 [23]. Studies
using irradiated specimens indicate a possible relationship between depletion and
IASCC, but isolation the effect of chromium depletion is complicated by enrichment of
other impurities [17]. Consequently, no studies have assessed the degree to which
chromium depletion is important to IASCC. However, it is emphasized that Cr
depletion is required for SCC susceptibility but that observed susceptibility is modified
by other microchemical and microstructural components [24].

Although some correlation between microstructure and microchemistry and
IASCC have been found, most of the data on IASCC has come from laboratory tests
which are necessarily post-irradiation and cannot account for processes occurring
during irradiation. Thus, the actual situation may be quite different from post-
irradiation studies where deformation is occurring during irradiation when segregation,
hardening, and irradiation creep are all occurring simultaneously. Attempts are also
being made to study in-situ deformation processes while irradiating [25]. Furthermore,
alloys used are of commercial purity containing many impurities which complicate the
link between observed cracking and individual impurities. In order to isolate and link
observed cracking and individual impurities and variables, special alloys with



controlled purity will be of valuable in identifying the roles of each impurities
contribute to IASCC susceptibility. The implications of IASCC are significant and
widespread and must be addressed in order to ensure the continued structural integrity
of reactor components in operating reactors, future advanced reactors, fusion reactor
designs and containers for radioactive waste canister.

GRAIN BOUNDARY STRUCTURE

Much of the research concerning IGSCC of nickel-base alloy and IASCC of
austenitic stainless steels has focused on identifying the grain boundary chemistry and
microstructure responsible for the observed cracking behavior. Although some
correlations were found between microstructure and microchemistry and observed
cracking behavior, grain boundary chemistry and microstructure alone cannot explain
their influences on cracking behaviors. In addition to grain boundary microchemisty
and microstructure, the geometrical and spatial configurations of grain boundaries may
play a significant role in IG cracking.

Grain boundaries can be geometrically described with five degrees of freedom.
The lattice misorientation between the two neighboring grains and the orientation of
the plane account for three and two degrees of freedom respectively, Figure 13. The
three degrees of freedom of the grain boundary can be considered in terms of the axis
and angle. However, certain specific combinations of misorientaion axis and angle
result in the coincidence of a proportion of lattice points from each lattice leading to a
concept of a coincidence site lattice (CSL) [26]. The CSL thus refers to a 3D
superlattice consisting of lattice points from the crystal lattices of two grains which are
superimposed such that the two lattices have common points, Figure 14. The degree
of coincidence is represented by the reciprocal density of common lattice points,
denoted as the S number. Thus S=3 means that there is one coincident point for every
three crystal lattice points. The presence of a CSL boundary between two neighboring
grains confers an ordered structure on the boundary and hence, becomes the potential
site for special properties. It has been shown that the boundaries which are close to
low £ orientation (S249) display improved physical and chemical properties relative to
general or high 2 interfaces (S>49) [27,28]. As compared with higher £ boundaries,
low £ grain boundaries possess lower energy in pure metals [29], less susceptible to
solute segregation [30], smaller diffusivity [31], greater resistance to sliding [32],
cavitation [33], localized corrosion [28] and fracture [34].

To quantifiably describe a grain boundary structure, crystallographic
relationship between adjacent grains must be determined and compared. A common
method for determining crystallographic orientation of polycrystals is to analyze a
diffraction pattern from each crystals and calculate the misorientation angle and axis of
the two crystals whereby the type of grain boundary can be assigned accordingly. To
obtain a diffraction pattern in bulk crystals, scanning electron microscope (SEM) based
techniques such as a selected area channeling pattern (SACP) [35] and an electron
back-scattering diffraction (EBSD) pattern technique [36] are generally employed. At



present, Suranaree University of Technology has a SEM facility equipped with electron
channeling unit capable of obtaining a SACP with a spatial resolution in the order of 10
um.

POTENTIAL APPLICATIONS OF GRAIN BOUNDARY ENGINEERING

Intergranular Stress Corrosion Cracking

In terms of the IGSCC susceptibility of alloy 600, it was Crawford and Was
[37] who first showed that the fraction of grain boundaries of an ultra high purity
version of alloy 600 (Ni-16Cr-9Fe alloys) that cracked in constant extension rate
tensile (CERT) tests in 360°C argon and in deaerated, high purity water (HPW) can be
greatly affected by the frequency and type of grain boundary, i.e., the grain boundary
character distribution, Figure 15. Studies have shown that increasing proportions of
coincidence site lattice (CSL) boundaries (E1-E49) make samples more resistant to
cracking in 360°C HPW & Ar CERT experiments. Aust et al [38] have also attempted
to optimize microstructures of commercial alloy 600 via alteration of grain boundary
structure. They found that an increase in the coincidence site lattice boundary (CSLB)
content resulted in a reduced susceptibility of alloy 600 in the non-sensitized condition
to intergranular attack. In addition, the corrosion rate after sensitization also
diminished with increasing fraction of CSLB. Susceptibility to sensitization and
intergranular corrosion was evaluated by immersing specimens in 600 ml of boiling
ferric sulfate and 50% sulfiiric acid solution for 24 hours (ASTM standard, G28).
Figure 16 illustrates the corrosion rate, as a function of CSLB fraction for non-
sensitized and sensitized alloy 600. Recent research also indicate that the mechanical
phenomenon of creep may play a significant role in IGSCC susceptibility.
Thaveeprungsripom [39] also found that creep properties of controlled high purity
alloy 600 was greatly affected by varying fraction of CSLBs in the microstructure and
decreases rapidly with moderately increasing proportions of CSLBs, Figure 17. By
increasing the percent of CSLBs from 16%-20% to 34%-43% via thermomechanical
processing in the 330 urn grain samples, the steady-state creep rates were decreased by
a factor of 8 to 26. Similarly, the increase in the percent of CSLB from 17% to 26%-
36% in the 35 um grain samples, the steady-state creep rates were decreased by a
factor of 40 to 66.

The experimental results clearly demonstrate the importance of grain boundary
in controlling grain boundary and bulk properties of polycrystals. This provides a great
deal of encouragement that grain boundaries can be engineered to tailor bulk
properties of commercial alloys. In fact, Palumbo and his group at Ontario Hydro [40]
has already applied suitable thermomechanical processing (patent pending) on alloy
600 to increase the level of CSLBs in the range of 70%-90% range to improve its
intergranular corrosion properties [41].



Irradiation Assisted Stress Corrosion Cracking

Thus far, there is no research work directly relating the effect of grain boundary
misorientation on IASCC susceptibility. However, there is evidence indicating that the
degree of grain boundary chromium depletion can be greatly affected by grain
boundary misorientation. Butler and Burke [42] showed that severe chromium
depletion profile is measured at high angle boundaries while incoherent and coherent
twin boundaries showed little or no chromium depletion, respectively, Figure 18.
Carbides precipitation was also absent at coherent twin boundaries with limited
precipitation takes place at incoherent twin boundaries which are consistent with the
observed lack of chromium depletion. Limited precipitation takes place at incoherent
twin boundaries and this causes a very narrow depleted region (< 50 nm), while the
extensive precipitation of chromium-rich carbides which occurs at high-angle random
boundaries leads to the widest chromium-depleted zones. Since it has been established
that the depletion of chromium at grain boundary is required for IASCC to commence,
grain boundary engineering to increase those boundaries which are not prone to
chromium depletion should help reducing the active area for IASCC thus improving its
resistance to IASCC susceptibility.

Thus far, evidence suggests that grain boundary type and structure can greatly
affect mechanical, chemical and cracking behavior. It is therefore likely that IGSCC
and IASCC susceptibility of alloy 600 steam generator tubings and austenitic stainless
steels reactor pressure vessel, respectively, may be considerably improved by
engineering grain boundaries to desirable bulk properties.

CONCLUSIONS

This paper has provided a brief overview of the roles of microstructure and
microchemistry in IGSCC and IASCC in LWRs. Although the mechanisms
responsible for IGSCC and IASCC still remains unclear, a number of correlations have
been established between micrbstructural and microchemical features and observed
intergranular cracking behaviors. Recent work on the intrinsic structure of grain
boundary has revealed the dependence of physical and chemical properties on the
crystallographic relationship of grain boundary. Some experimental results and
observations provide further support for potential applications of grain boundary
engineering through controlling the type and frequency of grain boundary to desirable
bulk properties.
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Table 1. IASCC service experience [4].

Table I. IASCC Service Experience
Component
Fuel Cladding
Fuel Cladding
Fuel Clad id ng*
Fuel Cladding Ferrules
Neutron Source Holders
Instrument Dry Tubes
Control Rod Absorber Tubes
Fuel Bundle Cap Screws
Control Rod Follower Rivets
Control Blade Handle
Control Blade Sheath
Control Blades
Plate-Type Control Blade
Various Bolts1

Stema Separator Dryer Bolts*
Shroud Head Bolts'
Various Bolts
Guide Tube Support Pins
Jet Pump Beams
Various Springs
Various Springs

Matenal
304 SS
304 SS
20Cr-25Ni-Nb
20Cr-25Ni-Nb
304 SS
304 SS
304 SS
304 SS
304 SS
304 SS
304 SS
304 SS
304 SS
A-286
A-286
600
X-750
X-750
X-750
X-750
718

Reactor Type
BWR
PWR
AGR
SGHWR
BWR
BWR
BWR
BWR
BWR
BWR
BWR
PWR
BWR
PWR & BWR
BWR
BWR
BWR & PWR
PWR
BWR
BWR & PWR
PWR

Possible Sources of Stress
Fuel Swelling
Fuel Swelling
Fuel Swelling
Fabrication
Welding & Be Swelling
Fabrication
B4C Swelling
Fabrication
Fabrication
Low Stress
Low Stress
Low Stress
Low Stress
Service
Service
Service
Service
Service
Service
Service
Service

* Cracking in advanced gas-cooled reactor (AGK) fuel occurred during storage in spent-fuel pond.
t Cracking of core internal occurs away from high neutron and gamma fluxes.
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Figure 1. Steam generator tubes plugged per year worldwide [2].
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Figure 5. Effect of phosphorus on the total elongation and maximum stress in constant
extension rate test during cathodic charging in IN H2SO4 at -760 mVSCE [11].
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grain boundary chemistries [15].
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Figure 8. Weak-beam dark field TEM micrographs showing the microstructural
features of high purity P-doped 304L stainless steel irradiated with 3.4 MeV proton at
400°C to 1 dpa, as indicated by arrows: (a) dislocation loops, (b) "black dot" loops,
and (c) dislocation line segments [19].
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Figure 9. Radiation effect on stress-strain curves [21].
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Figure 10. The relationship between percent IGSCC and yield stress [21].
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Figure 11. TEM microstructures of dislocation channel in proton irradiated 304L
stainless steel after 9% plastic deformation at 288°C [18].
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Figure 12. Compositional profiles across grain boundaries obtained by dedicated
STEM from a low strain, high purity 348 stainless steel swelling tube specimen
irradiated to 3.4xlO21 n/cm2 at 288°C in a BWR [23].
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Figure 13. Five degrees of freedom of a grain boundary: a) two crystals adjacent at a
grain boundary can be rotated around each of three axes; this gives three rotational
degree of freedom; b) the grain boundary plane has two degrees of freedom for
rotation of the plane around either of the two axes [39].
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Figure 14. Schematic representation of a coincidence-site-lattice boundary (CSLB) for
a 15 interface formed by a 36.87° misorientation angle around [100] axis of two
adjoining lattices [38].
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Figure 18. Extent of (A) carbide precipitation and (B) chromium depletion observed at
(a) general high angle (b) incoherent twin and (c) coherent twin boundaries [42].


