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"Assurance of the Pressure Vessel Integrity
with Respect to Irradiation Embrittlement"

Activities in the Federal Republic of Cermany (FRG)

K. Kussmaul, J. Fohl, T. Weissenberg

Abstract

Safety research of light water reactor pressure vessels in the Federal Republic
of Cermany is presently focussed on validation programs based on fracture
mechanics concepts, and which study irradiation embrittlement, pressurized
thermal shock and cyclic crack growth under operating conditions. Crack
initiation values derived from the JR-curve could be confirmed as reliable
material property to enable transferability of results from small specimen
testing to complex structures.

For validation of irradiation surveillance practice trepans were taken from a
forged shell course of a commercial reactor pressure vessel wall to compare
material degradation of the wall with that of the surveillance specimens and

to establish properties through the thickness of the wall. The experimental'y
determined amount of recduction in toughness of the vessel wall depends
strongly on the orientation of the specimens with respect to the main forging
direction of the hot formed material. The degradation of the material with
respect to transition temperature shift and upper shelf energy drop in Charpy
impact tests couid not be predicted -onservatively on the basis of the existing
trend curves in the US Code of Federal Register. On the other hand the degree
of embrittiement measured in short distances from the inner to the outer surface
of the vessel wall is much less and therefore less important than assessed in the
proposed revision of the US Code.

Archive material representing the shell course from which the trepans were taken
was irradiated in test reactors in the US and the UK. The irradiated archive
material shows a lower degradation than the vessel wall of the commercial reactor.
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Introduction

The previously reported investigations on validation of the integrity of light

water reactor pressure vessels have been continued with enhanced efforts.

The validation principle relies on verification and validation of calculation

codes and mechanistic fracture mechanics, and probabilistic evaluation of
non-destructive examination methads, A challenging trial on in-service
degradation of pressure vessel wail material of a ruclear power plant is under
way. Trepans were taken from the Cundremmingen A (KRB-A) reactor pressure
vessel which was shut down in 1977 after 10 years of operation. Investigations
with this material and unirradiated reference material are being performed within
the scope of a cooperation program between the Staatliche Materialprufungsanstalt,
Universitadt Stuttgart (MPA), United States Nuclear Regulatory Commission (US NRC),
Materials Engineering Associates (MEA), USA, and Atomic Energy Research
Establishment Harwell (AERE-Harwell), UK.

To evaluate component failure behavior over a wide toughness range, materials
have been selected and treated to achieve properties representihg neutron
embrittled material state including "worst case" consideration. These materials
are available in large quantities and enable testing of large specimens with
complex stress fields with respect to initiation and arrest toughness even
under pressurized thermal shock condition. The experiments are aimed at
providing a gereral validation of the computational methods and the fracture
mechanics concepts on the basis of a modified J-Integral evaluation method and
to demonstrate the underlaying principle for transferability.

With regard to irradiation and corrosion assisted crack growth a cyclic
experiment was carried out in the VAK power reactor (Boiling Water Reactor)
to apply all operational parameters coincidentally. At this time, however, only
preliminary results are available.

Safety Assessment According to Present-Approach

The safety assessment of a reactor pre.sure component is based on five
princi ‘+s, which are quality through production, multiple parties testing,
worst case simulation in R 4 D programs, continuous in-service monitoring

and documentation and validation of Codes, fracture mechanics and non-

destructive examinations ! . The first principle is supported by the four




other principles which serve as independent redundancies. This strategy
provides a sufficiently large safety margin even if there is no guarantee
for a 100% effectiveness of each single redundancy.

The most common tests to determine material toughness in a wide temperature
range are the Charpy V-notch impact test and the drop-weight test. From these
two tests the brittle-ductile transition temperature RTNDT is derived. With
the help of the experimentally evaluated fracture toughness reference curve
KIR /2, 3, 4/ a lower bound fracture toughness curve for brittle faiiure can
be established, Fig. 1. In comparison with the calculated loading situation

of the component in terms of stress intensity a quantitative safety margin with
respect to temperature and load can be given on this basis, however, only in
the linear-elastic fracture mechanics regime. World wide research work has
demonstrated the conservatism of this procedure. Extensive testing in the FRGC
using CT-specimens up to 500 mm thickness has essentially confirmed the
K|R-curve as a lower bound even for degraded materials /5/.

In the elastic-plastic regime the safety against ductile failure is judged

from the Charpy upper shelf energy only which does not give quantitative
fracture toughness properties and thus no quantitative safety margin against
ductile failure or stable crack growth. However, the required minimum upper
shelf energy of 68 J (50 ft-1b) has been developed from practical experience
in conventional power plant systems and chemical plants. Due to the complex
loading situation during pressurized thermal shock the necessity arose to
provide quantitative data also for this regime in order to verify the minimum

toughness requirements and to define lower bound values.

For design purposes a prediction of the degree of material toughness degra-
dation has to be made which has to be monitored during operation through
surveillance programs. The prediction is performed on the basis of trend
curves ‘6, 7, 8/ for both the shift in transition temperature (ATMJ) and
the drop in Charpy upper shelf energy ( A USE) as indicated in Fig. 1. With
this predicted material state an adjusted fracture toughness curve can be
assessed,

The main goal of all the irradiation programs is to either confirm these trend
curves for a wide range of materials or to establish modified curves as it is the
case with the proposed Rev. 2 of US Reg.Cuide 1.99 /8/.



Fracture Mechanics Properties

The given limitations in specimen size for irradiation surveillance programs
have forced on the one hand to proceed with the development of quantitative
fracture toughness properties from Charpy testing and on the other hand

to focus on test and evaluation techniques using small fracture mechanics
specimens, e.g. 10 mm thick compact tension specimen CT-10 /9/.

The J-Integral has been proven to be a reliable measure to describe the material
behavior in the vicinity of the crack tip. Especially the stable extension of the
crack beyond the initiation load can be quantifie = as a function of the J-Integral.
From the most commonly used unloading complicrce test technique to establish

a crack resistance curve, crack initiation values are derived by means of
different evaluation methods. It becomes evident that the slope of the crack
resistance curve (JR-curve) depends on specimen size and geometry, Fig. 2.
Using the ASTM procedure or recommended modifications of that /10, 11/, crack
initiation (JO,IS‘ "0,2) cannot be evaluated independently from specimen size
and geometry. If the blunting line, however, is evaluated on the basis of the
experimentally determined stretch zone and the JR-curve is fitted by an
adequate polynomial, size and geometry independent crack initiation values Ji
(physical initiation values) can be obtained /12, 13/, Fig 3. In some cases

the electrical potential drop method leads to initiation values as low as Ji'
whereas from the ASTM procedure values result which can be almost double

as high depending on material toughness and specimer. geometry.

Transferability of Fracture Mechanics Results

Tremendous efforts have been made to demonstrate the tronsferability of

results for the prediction of component failure on the basis of results from small
specimen testing. Large scale specimen testing has been intensified in the past

2t MPA using for example large scale Double Edge Notched Tension specimens
(DENT) of materials with different toughness levels. By comparing different
fracture toughness properties it becomes obvious that the crack initiation
toughness J, can be used as transferability criterion for materials in the toughness
range from 40 J to 200 J Charpy upper she!f energy. When the experimentally
determined J value of the DENT specimen reaches the level of JI obtained from

CT-specimens testing crack, initiation occurs in the large scale specimen
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experiment; this can be jetected by acoustic emission and electrical potential
drop measurements a: u be confirmed by fractography. The results thus

obtained show that J, determined with CT specimens is in good agreement with

the initiation value in the DENT specimen, Fig. 4, which is not the case if J,
(ASTM procedure) or othar criteria are applied. The comparison of the

calculated load for the initiation point of the DENT specimen with the experimental
findings demonstrates that the applied 2 D elastic-plastic calculation of J (plain
strain) for the structure and the used fracture toughness value Ji as well are

the reliable basis for an adequate fracture mechanics concept.

Although the load at instability and the amount of stable crack growth /5, 14/
depend on the ability of the materials to yield under the applied constraint,
failure (instability) of the DENT specimens occurred on a load at initiation
which is typical for deeply notched DENT specimens due to the constraint.
This behavior was observed for low as well as for high upper shelf Charpy
energy materials. Besides a limited amount of stable crack the remaining

fracture surface was of a macroscopically brittle appearence.

The large amount of data from Charpy and fracture toughness testing of a
variety of materials has provided the basis for a correlation in the Charpy
upper shelf regime between upper shelf energy and crack initiation Ji' Fig. s.
This is especially useful for the assessment of fracture toughness properties

from surveillance programs where usually only Charpy specimens are available.

Validation of Surveillance Results

Surveillance programs to monitor the degradation of the reactor pressure
vessel belt-line material due to neutron irradiation are being performed in
each commercial reactor. |rradiation takes place under elevated neutron flux
with a lead factor varying from about 2 to 10 or even 15 depending on the
vessel design. This involves deviation from the parameters to which the vessel
wall is subjected concerning flux density - time for damage and recovery and

thus the damage equilibrium - and the neutron energy spectrum.

To validate the surveiliance practice according to ASTM E 185 and KTA 3203
a challenging trial was started in cooperation with US NRC, MEA, AERE-Harwell
and MPA Stuttgart. US NRC has managed and financed the removal of trepans

of the base material (forging) from the reactor pressure vessel of the boiling
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‘water‘ reactor Gundremmingen unit A (KRB-A) in Cermany, Fig. 6, and has
provided those trepans to MPA for investigation. In addition MPA has
arranged the removal of trepans from weld material of a near core and off

core circumferential weld, Fig. 7. The reliability of surveillance practice will
be checked by comparing trepan material with the already existing surveillance
results and surveillance specimens still untested and with archive material,
which was stored at General Electric Company (GE) - the designer of the plant -
and was provided by US NRC. In addition archive material is irradiated in test
reactors in the USA and UK so that a wide scenarium of methods is considered
in the validation program, Fig. 8. However, the basis for comparison, is
rather limited at present since in the surveillance program of KRB-A only
Charpy specimens and tensile specimens (0 6 mm) from longitudinal direction
were investigated. Because of the importance of the results investigation are
under way to further confirm the authenticity of the archive material.

The plant KRB-A was designed for a power of 252 MW (el) and was taken out

of service after 10 years of operation in 1977, The vessel was fabricated of
seamless forged shells, chemical composition Tab. 1, tensile properties, Tab. 2,
representing pressure vessel technology in Cermany of the early 60's. Therefore
the chemical composition and the toughness properties do not exactly me.t
today's requirements, but might be comparable to the older generation of plants.
From measurements of the water temperature and an assumed mixing effect

in the downcomer the vessel inner surface temperature during operation was
estimated to be in the range of 284° C including a temperature rise by 4 K due
toY - heating.

Besides the comparison of irradiated material and the unirradiated archive
material one of the aims of this work is directed to the change in properties
through the wall thickness, which will be investigated by means of Charpy,
tensile and compact tension specimens as well, Fig. 9. From several trepans
(diameter 107 mm) Charpy-V-notch specimens have been remaved using

electric discharge machining (EDM) to obtain as many specimens as possible

and to facilitate the handling of radioactive material. To establish full Charpy
energy/temperature curves longitudinal and transverse specimens from two
trepans located adjacent to each other in axial direction were combined, example
for trepan C and C, Fig. 10. A similar procedure is necessary to measure tensile

properties. For the machining of CT-25 and CT-10 compact tension specimens




a sufficient number of trepans is available. From archive and trepan material a
maximum number of 11 layers of Charpy specimens through the thickness could
be machined. The test results obtained at MEA /15, 16/, AERE-Harwell /17/
and MPA for the unirradiated archive material are in good agreement, although
testing was performed according to ASTM (MEA, AERE-Harwell) and DIN (MPA)
respectively, Fig. 11. In the transverse (weak) direction (T-L) the upper shelf
amounts to about 105 J (MPA), in the longitudinal (strong) direction (L-T) to
about 145 J.

The absolute neutron exposure (fluence) was calculated with the two-dimensional
transport code DOT 4.2 in combination with a (R,)- and (R, Z)-model to obtain
three-dimensional information for the vessel wall /18/. All operating and stand-
still periods were considered and also the burn-up distribution of the fuel
elements at the beginning of each fuel loading cycle. The fission spectrum was
assumed to be of the Watt-type according to ENDF/B V for the whole core. The
nuclear cross sections were based on the ENDF/B IV library. The neutron
exposure was calculated for each trepan, example Fig. 12. Measurements of

the Mn-54 activity on chips taken from several trepans /19/ were also used to
determine the absolute neutron exposure. Even after a decay time of about

9 years, the agreement between transport calculation and measurement was
within + 15%. However, the recent calculation leads to much lower neutron
exposure than reported earlier /20/ which is due to more advanced computer
codes and especially to the more accurate modelling of the 3 D geometry by the
application of large computer capacity.

Charpy impact tests with trepan material show a very pronounced drop in
upper shelf energy (USE) and shift in transition temperature for the transverse
specimens (T-L), example Fig. 13. Lornigitudinal specimens (L-T) are less
sensitive to neutron irradiation, Fig. 14. The low sensitiveness in upper
shelf reduction was already indicated by the surveillance specimens irradiated
to about 1 - 19‘9 =4 /. The fluence leve! of the surveillance specimens
has to be reevaluated according to the present state of the art. Changes in
fluence as great as those found in the case of the vessel wall compared with
earlier results are not to be expected in this case since the evaluation of the
specimens is supported by dosimetry measurements. Compared with specimens
of the surveillance program exposed only to temperature but not to neutron
irradiation, these longitudinal specimens show a behavior very similar to the

. 18 - 2 .
trepan material at the low fluence level of about 2,4 cm * see Fig. 14.



« The'lower part of the two Charpy curves is almost identical. This implies that
part of the material change is caused by temperature effects only. From the
compilation of Charpy results in layers through the thickness of the wal! the
near surface quenching effect on transition temperature becomes obvious,

Fig. 15 and 16. It is extended over the first 10 mm on both sides and is especially
pronounced for the transition temperature of the transverse specimens. The
upper shelf energy for archive material is uniform through the thickness and
doec not exhibit any quenching effects, Fig. 17 and 18.

The compilation of results shows the gradient of material degradation by
neutron irradiation affecting transition temperature and upper shelf energy
of both directions (T-L and L-T), Fig. 15 through 18.

The change in toughness of the transverse (T-L) specimens, Fig. 17, is
significant even at the generally low fluence level. However, the longitudinal
specimens (L-T), Fig. 18, are insensitive and become even tougher at the
outer surface where the fluence is in the range of 1 - 10‘8 cm-2 which can

be attributed to a kind of annealing effect at irradiation temperature and likely
insufficient heat treatment of the original material. The USE measured at the
outside of the vessel, Fig. 17, gives no indication that the archive material

was not correctly identified.

The projection of the change of properties into the trend curves of Reg.Cuide

1.99 Rev. | 6 shows that on the basis of the chemical composition (Cu and F)

and the calculated local fluence the material behavior cannot be predicted
conservatively, neither with respect to the transition shift nor to the drop in
upper shelf, Fig. 19 and 20. More recently proposed trend curves (Reg.Cuide 1.99
Rev. 2) /8 which take Cu and Ni into account for the evaluation of shift of
transition temperature caused by neutron irradiation are in the same way non-
conservative; however, at a fluence beiow 1 - 1018 <:m_2 both trend curves
converge. The prediction of upper shelf drop acc. to Rev. 2 remains unaffected

because it is still based on the isolated influence of copper.

An important issue is the attenuation of irradiation damage through the wall,
Fig. 21. Relative to the inner surface (ferrite/cladding interface) transition
temperaturé the attenuation through the wall is covered conservatively by the
Reg.Cuide curves Rev. 1 and proposed Rev. 2 when the local fluence is used

to determine the shift at any depth. Extremely conservative is ‘he equation



proposed in Rev. 2 which assumes a very flat gradient through the wall. This is
not in accordance with the measurements obtained from the trepans.

Several questions about material behavior under service conditions in comparison
with trend curves or irradiation experiments in test reactors have been raised‘.
since results of irradiation in the United States at MEA /21/ and United Kingdom
at AERE-Harwell /17/ indicate less sensitiveness of the archive material (identical
chemical composition) even at a neutron exposure three times as high as the
trepans, Fig. 22. The continuation of the research work including fracture
mechanics testing, metallurgical investigations and annealing studies will give
more insight in the prevailing mechanisms and responsible parameters.

With respect to the validation of surveillance results it is necessary that
transverse specimens from trepans with the high degradation are directly
compared with surveillance specimens. Since only longitudinal specimens were
used in the surveillance program of KF.B-A, the feasibility of reconstitution of
specimens using EB weld technique vas checked. From pieces of the archive
material as small as 10 x 10 x 10 mm?® Charpy compound specimen were produced.

The temperature measurement ir. the specimen center was befow irradiation
temperature so that annealing of irradiation damage can be excluded. Obviously
the residual stresses do not affect the Charpy results inadmissibly as can be seen
from the energy/temperature curve in comparision with conventionel Charpy

specimens, Fig. 23.

Validation of Fracture Mechanics Concepts under Extreme Loading Situation

The most complex loading situation in a component is acting during pressurized
thermal shock. The stress field results from internal pressure and temperature
gradients. A large program was started some years ago and is now being
completed in which advanced computational methods are used to describe the
time dependent stress/strain field in a component-like large specimen under PTS
conditions. The fracture mechanics anclysis is performed on the basis of K, and
J /22, 23/. For the verification of the calculation tests were performed applying
PTS conditions to thick-walled hollow cylinders (1D = 400 mm, 0D = 800 mm,
length = 1100 mm, circumferential crack), Fig. 24.

A major issue of the experimental investigations was the use of materials with

different toughness levels to cover a wide range of materials representing
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'optimized RPV steels (NKS 1 and 2), minimum requirements (NKS 3) and lower
bound state according to possible end-of-life degradation including worst case
consideration (NKS 4), Fig. 25. Tremendous efforts had to be undertaken

to provide these materials matching in both upper shelf Charpy energy and
transition temperature. This could only be achieved by combination of selected
chemical composition, melting and forging procedure and heat treatment.

In addition to the internal pressure a tension load 6f up to 100 MN was applied
to generate a stress field similar to the real component. During the cool-down
phase, as shown for example in the Temperature/Time curve Fig. 26, starting
at 300°C (inner surface) the internal pressure and the axial load remained
constant. The J-Intzgral of the specimen was computed on-line during the test
based upon the instantaneous test conditions (temperature, pressure, tension
load) /24/.

For the assessment of crack extension in the PTS experiment it is assumed

that the crack extension characteristics of CT specimens can be applied to the
component as weil, Fig. 27. This indeed is the case because of the fact that

the constraint calculated for the CT-Specimen used to determine the JR-CUrve
is almost identical with the constraint in the FTS test specimen. The crack
extension derived from this comparison is in good agreement with the crack
extension determined by ultrasonic testing and fractographical investigation,
example Fig. 28. This confirms the reliability of the J calculation of the component
and the fracture mechanics concept. The NKS 4 test with an upper shelf energy
of about 70 J is presently being evaluated. Other tests will concentrate on a
very low upper shelf energy of about 40 J.

On the basis of a validated fracture mechanics concept the safety of a reactor
pressure vessel can be assessed quantitatively also for PTS as demonstrated
in a parametric study for the nuclear power plant Obrigheim in Cermany 25

During a PTS transient the maxinum load occurs when the temperature of the
material at the crack tip is still elevated, i.e. in the upper shelf regime of the
Charpy energy/temperature curve. If crack initiation takes place, it will be

by a ductile mechanism causing crack tip blunting and subsequent stable crack
extension depending on the applied energy (J-integral). After reaching maximum
stress intensity or J-integral, respectively, the transient load decreases and

the crack tip region is not forced to respond with plastic deformation under

tension anymore. Therefore decreasing temperature in combination with decreas ng
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stress intensity cannot cause the specimen to fail even when the load path is
intercepting the K failure curve or failure band, respectively /26, 27/. In
simulation tests usmg 50 mm thick CT specimens with 20% side groves, specimens
were overstressed in the ductile regime (starting point) and then subjected to
different load paths during cool-down including constant load (1), partial (2],
total (3) and steady (4) unloading as indicated in Fig. 29 /27/. When the load
path intercepted the ch scatter band of the material (determined acc. to
ASTM E 399) in none of the cases did failure occur. Only when the specimens
were reloaded at low temperature, for which brittle failure has to be expected,
did the specimens fail out then only at significantly higher load than that
applicable (o those specimens which had not been overstressed in the upper
shelf regime. Failure of the specimens basically occurred at a level above the
upper bound of the Kl scatter band. The so-called "warm prestress effect"
is explained by means of a strip yield model which describes the plastic zone
at the crack tip and the resulting re.idual compression forces when tnloaded.
Supplementary to the validation of the J concept, even for superimposed
mechanical and thermal stresses, credit can be taken from the "warm prestress
effect” in the safety analysis. This model has been adopted in the safety
assessment of the Stade RPV /27/. In addition to the provision of the fracture
mechanics assessment, the injection of cooling water into the hot leg during
ECC | in important measure to mitigate the PTS situation in the RF <2
which has been realized according to requirements of the Cerman Reacto
Safety Commission (RSK).

In-Service Crack Growth

In a safety case assessment 2 postulated crack in the RPV is assumed penetrating
into the cladding at the vessel inner surface so that water has access to the
ferritic material. In combination with cyclic loading, temperature, neutron and

Y - irradiation changes in the materials as well as the flaw state have to be
considered according to different mechanisms in consequence of the postulated
crack, Fig. 30. The simultaneous action of these different parameters can only

be studied in the real environment of a power reactor.

Within the Cerman FKS R & D program an experiment was initiated by the MPA
and performed in cooperation with CKSS and the Versuchsatomkraftwerk kKanhl

(VAK) as reported earlier 28, 29/ . Compact tension specimens (CT 40 mm) were



loaded cyclically (1 le per minute) in an open loop in the VAK power reat

(BWR water chemistr th about 0,4 ppm oxygen) and the crack advancement

determined by measuring the crack opening disy lacement of each specimen.

Preliminary evaluation of the measurements by CKSS give no indicatior o f

synergistic effects due to the combination of all acting operating parameters.

Final results will be reported shortly /30

Conclusion

Ongoing R & D programs in the Federal Republic of Germany are focussed on
the validation of the existing concepts for stress-strain calculation (computer
codes), determination of reliable fracture mechanics material properties, the
time-dependent material state as It degrades Dy cperational parameters, andg
salidation of non-destructive examination. Challenging trials in this context
are the investigations directed to pressurized thermal shock (PTS) and
especially to the investigation of trepans remove "om a8 commerc
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- Investigations of trepans from the Cundremmingen reactor pressure
vessel in combination with extensive neutron field calculation in-
dicate a strong conservatism of the Code (US NRC Reg.Cuide 1.99
proposed Rev. 2) presently in preparation with respect to attenuation
of material degradation through the thickness of the vessel wall.

- The material of the Cundremmingen vessel exhibits directionality
effects in the initial state and differences in sensitivity against
neutron irradiation depending on specimen orientation relative
to the main working direction of the forging. Transverse spec.mens
are more sensitive with respect to both upper shelf drop and
transition temperature shift. The material degradation of these
transverse specimens coulid not be predicted conservatively by the
existing trend curves of the Code.

- The irradiation response of the Gundremmingen reactor pressure
vesse! material during operation is not in accordance with recently
obtained results from irradiation experiments performed with the
corresponding archive material in test reactors. The experiments
recently performed in the |JSA and UK show less degradation than

specimens taken from the vessel wail. Reasons might be attrituted
to the neutren flux level which is about 100 times higher in
the test reactor than at the RPV wall and differences in neutron
energy distribution.

In the Federal Republic of Germany a safety strategy has been developed on
a theoretical and experimental basis including plant specific surveillance
programs for monitoring material degradation through irradiation. In combi-
nation with operational changes, e.g. reduction of DLT fluence and mitigation
of PTS by hot leg water injection, irradiation embrittiement is not considered

an aspect that requires restictions for the LWR plants.
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Chemical Composition (Wt - %)

base materials weld material
20 NiMoCr 36

Archive Trepan G sample from vessel
material head flange
GEB 1-1
C 0.23 \ 0.22 0.05
Si 0.23 0.22 0.17
Mn 0.71 0.71 1.45
P 0.013 0.013 0.009
S 0.012 0.012 0,005
cr 0.38 0.38 0.10
Mo 0.65 0.62 0.51
N1 0.75 0.75 0.25
Cu 0.16 0.16 0.28

Table 1: Chemisal composition of trepan and archive material 20 NiMoCr 36
similar to A 508 CI 2
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1 INTRODUCTION

To determine neutron exposure of severa) trepans taken from the
pressure vessel of the nuclear power plant Gundremmingen Block A
(KRB=A) a three-dimensional neutron spectrum analysis is performed
by IKE (Institut flir Kernenergetik und Energiesysteme, University
Stuttgart). The work, funded by US-NRC, is part of the KRB=A pro-
gram analysing through vesse) wall embrittlement of a rea) reactor
vessel at the end of operation.

The Boiling Water Reactor KRB~A has a nominal therma) power of
801 MW (250 MW electrical)., The reactor was put in operation in
November 1966 and, until the last shutdown on January 13th, 1977,
generated a total of about 16 Twh of electrical power, with an
average availability of 75 ¥%.

After decomissioning, 15 trepans have been taken at different axial
and azimuthal positions within the 90 to 135 degree octant of the
reactor, The axial ang azimuthal positions of the trepans named
A,8,C,0,E,F,G,K,L,M,N,P,Q,R, T can be -aen in Figure ! ¢.. 2. To get
accurate assessments of the absolute wmagnitude of the interested
exposure parameters such as fast fluence (€ > 1.0 Mev), fluence

(E > 0.1 MeV) or dpa (displacements per atom in iron) the three~
dimensional flux distribution has to be calculated using the DOT4.2
/1] code. This code solves the Boltzmann transport egquation in
two-dimensional geometry using the discrete ordinates method. Com-
bining the results of a (R,8)-and (RZ)-mode) of the reactor the
neutron spectrum is defined with sufficient accuracy /2/. To per-
form the transport calculations on an absolute scale a complete
analysis of the reactor power~-time histery and of the three-gimen-
sional burnup distributions at start and end of each of the reactor
cycles has been performed,

This report describes the method used, summarizes important in-
put data and gives the results of fast fluence (E > 1.0 Mey,

€ > 0.1 MeV), displacements ,er atom in iron (dpa) and tota! ang
thermal (E < 0.414 eV) fluences for all trepans.



The rea) attenuation within the vesse) wall is discussed in context
with formylae proposed in Regulatory Guide 1.99 Revision ! ang 2.

To confirm the results of the transport calculations caleculated ang
measured Mn-54 activities of the trepans have been compareqg. Addi-
tionally dosimetry results from surveillance capsule 128 have been
analysed. Since a surveillance capsule is not modeled in the trans-
port calculation this comparison can only be a rough estimate, A
detailed analysis of the capsule perturbation effects should fol-
low.



2 _METHOD OF ANALYSIS AND INPUT DATA

In “he analysis of the neutron environment outside the reactor core
the three-dimensional flux distribution has been calculated with

2.1 30-Reactor Physics Calculation

the help of a flux synthesis for each energy group G of the form

~
¢ (r,0,2) = o% (r,0) « £0 (2 \
" (R,2) = 48 (R,2) / 48 (R)
2 3
where
OG (R,©,2) .... neutron fluence at point R,2,0 for energy
group G
0? (R,0) ve+r solution of (R,9)~calculation
0? (R,2) ¢esss SO0lution of (R,2)=calculation
0§ (R) e+ s0lution of one-dimensional) axia) infinite

(R)=caleculation

0?. 02 and Og have been calculated with the 00T4.2 /1/ code apply-
ing 58/93 approximation. In the (R,®)-mode! shown in Figure 2 the
neutron source is calculated from axia) averaged burnup distribu-
tions. In the (R,Z)-mode) axial variation of the burnup as well as
moderator density is taken into account. In the (R,2) analysis the
reactor core 1s treated as an egquivalent volume cylinder with

137,4 cm radius (Fig. 2). To obtain the relative axial variation
FG(R.Z) the radial-axial neutron flux distribution QG (R,2) must be

2
devided by the one-dimensional axial-infinite solution 0§ (R).

The perturbation of the neutron field by surveillance capsules is

not taken into account. Neutron fluxes have been stored at appro-




priate R-boundaries for detailed surveillance capsule analysis in
the future.

Specific material data for KRB-A are given in Table 1. The atomic
compositions of material zones modeled in the transport calculetion
are summarized in Table 2., For the water zones in the downcomer and
reflector in front of the trepans a temperature of 279 *C was
assumed. The inlet temperature into the reactor core is 265,6 °C.
For the homogenized core zone data in Table 2, saturated water with
285,8 °C has been assumed. These core data are only used in the
(R,©)= calculations. In the (R,Z)-mode) 16 core zones with axia)
increasing void content have been taken into account.

2.3 Determination of the Neut“on Source

The whole time-power history as well as burnup distributions per
fuel element at start and end of each cycle are available for the
KRB-A reactor. On the basis of these cata total neutron source gden-
tities have been calculated taking into account burnup dependent
energy and number of neutrons per fission. Since the burnup tatles
are only available per fuel elements, the shape of the power di-
stribution within the outer fuel elements has been determined by
means of theoretical curves, The calculated source densities have
been transformed finally to the (R,®) space mesh (shown in

Figure 1) conserving number of neutrons.

For the (R,Z)=-transport calculations, the axial=-radial dependent
source densities have been obtained from axial burnup given at

12 axial modes of the fuel elements arourd the 120 degree Theta
direction. An energy spectrum for thermal fission of U235 (watt-
type, ENDF/BV) has been assumed for the whole core, Only few Pluto-
nium fuel elements situated at inner positions have been used
during the whole reactor operation time.



:4 Cross-section Data Usegqg

For the two-dimensiona) transport calculation a special library
with 35 neutron energy groups has been generated. fnergy boundaries
are given in Table 3. Group Cross-section weighting has been per-
formed with fine-group spectra calculated for KRB=A in one-dimen-
sional geometry,

The fine-group library is based on ENDF/B IV data /3/ and has been
Compared with the VITAMIN/C /4/ library giving equivalent results
/2/.

With this procedure higher accuracy can be dchieved compared to the
use of more genera) libraries Tike CASK /5/ or SAILOR /16/. The
SAILOR library is specially designed for large Light Water Power
Feactors of the 1000 MH.1-clcss. Nevertheless, cifferences shoulg
be small if correct treatment of the resonance region especially in
1ron and temperature corrected thermal cross-section are guaran-
teed,



3 __RESULTS OF TRANSPORT CALCULATIONS

Using the flux synthesis method described in Chapter 2 the neutron
spectra is defined at each space mesh point of our KRB-A-mode).

The maximum fluence value at the OT vessel position is 5.96'10la
neutrons/cm® near the axial midplane of KRB/A at 2 = 130 em and 90
degree Theta direction,

The azimutha! variation of the fluence (€E > 1 MeV) is within
55 percent of the maximum fluence value as it can be seen in Fi-
gure 3.

The axial shape function as a ratio of the two-dimensiona) (R,2)=
and the one-dimensional (R)-calculation is shown in Figure 4.

The neutron energy spectra in 3% energy group structure defined in
Table 3 are given at the OT, 1/4 T, 1/2 T, 3/4 T and 1 T positions
of the pressure vesse! in Tables 4 to 7. Each table represents one
Theta direction (see Figure 2). The values must stil) be multiplied
with appropriate axial form factors from Figure 4 to get adbsolute
values for each trepan.

3.1 Trepan Fluences € > 1 MeV and € > 0.1 Mev

The axial variation of the fast fluences € > 1| and E > 0.1 MeV
within the cylindrica) trepans, which is equivalent to attenuation
of the fast neutrons through vesse) wall, is shown in Figures § to
8. Each figure compares the fluences of trepans of the same axial
lTevel in the vessel. Z anc © coordinated can be found in Figures 1
and 2. The radia) variation of neutron exposure within one trepan
(radius = 5.35 cm) can be neglected.

From the curves a maximum € > 1 MeV fluence value of about
4.3 «x 1018 neutrons/cm? can be seen at the inner vesse! surface.
€ > 0.1 MeV fluence at that Yocation is a factor of two higher, For
the attenuation through the vessel one gets a fluence ratio of
6



about 5.6 for E > | Mev and 2.5 for E > O.1 MeV. The ratio of the
two exposure quantities within the vessel is plotted in Figure 9.
In al) figures the curves start at 180 cm radius to give first
estimates also for the surveillance position nearest to the vessel
(capsules 126, 127, 128 ang 129).

3 i 1 men er Atom in lron

To calculate tota) displacements per atom in iron the ASTM E693
cross-section has been usead. The 35 energy group values are listed
in Table 8.

The resulting dpa exnosure values for the fifteen trepans are snhown

in Figures 10 to 13. The increase of the dpa to £ > 1 MeV fluence
ratio within the vessel is demonstrated in Figure 14,

3.3 fota) angd Thermal Fluences

Finally the tota) and thermal (E < 0.414 e¥) fluences have been
calculated and plotted for all trepans in Figures 15 - 18. The
therma) fluence fall off very strongly in the iron vessel down to a

minimum of about 10‘7

neutron/cm?, After 1/2 7 depth it rises again
due to the higR therma) flux level in the concrete shiela. The
ratios of total to thermal and therma) to € > | MeV flyence are

given in Figures 19 and 20.

3.4 Comparison of through Vessel Wall Attenuation

The attenuation of the different neutron exposure quantities within
the pressure vessel together with the material property changes 1s
of primary interest in the KRB/A trepan investigation., In Figure 21
the fluence € > | MeV and € > O.1 MeV and opa are compared wi'th two
pure exponential) functions proposed in U,S. NRC Regulatory Guige
1.99, Revision 1 and 2.

~4



The Rev. ! curve

f . - & .
=z !“”“C. exp(=0.33 x ) ]
where x is the wal)l depth in inches fits wel)l the € > | MeV fluence
curve., The 'dpa equivalent' attenuation formula »ith an exponent
factor 0.24 proposed in Revision 2 seems to be too canservative for
the small KRB/A reactor with only a 5§ in thick vessel wall,



4 COMPARISON OF CALCULATED AND MEASURED ACTIVITIES

4.1 Mn-54 Activity of Trepans

Two independent measurements of the Manganese-54 activity one on
lst May 1984, the other on 22nd January 1986 have been made by KfA
Julich /7/. The measured activities of drillings taken from trepan
A (1984) and trepan A, D, G, L. P (1986) are listed in Table 9
together with their radial position in the vessel measured from the
vessel- clad interface.

The calculated specific activity A is determined using the rela-

tionship
n “-AT -Xtm
A = A I P (1-e J(e )
sat anl m
where

P. = fractional power for the operating period m,

A = decay constant for the activation product [d-1

A = 2,218 x 10°° for Mn-54,

]

T = number of operating days for period m,
t = decay time after operating period m in days.

The saturated activity A is determined by the macroscopic

sat
Fe-54(n,p)Mn-54 reaction cross-secticn and by the neutron flux

spectra at appropriate space mesh intervalls.

Table 10 summarizes parameters for 14 operation time periods. For

the activity calculations monthly averaged data have been used,

Considering the high statistical errors especially for the second
measurement the agreement between calculated and measured
activities is reasonably well,



4.2 Surveillance Capsule 128 Dosimetry Results

In the KRB=-A surveillance program ten capsules have been irradgiated
at various locations within the vessel which can be seen in F1-
gure 22, For the trepan investigation capsule 128 is the most ade-
quate for comparison with the theoretical analysis. These capsule
installed at an azimuthal position © = 140° and a radius R = 183 ¢cm
at the core midp.ane was irradiated during the whole time of reac-
tor operation, The dimensions of the capsule which has the form of
a basket are 5/8 x 6 7/8 x 10 !/8 in. For dosimetry purpose iron,
nickel and copper wires have been irradiated together with the
samples., The activation monitors as well as the Mn-54 activity of
the material samples have been measured independently from two
laboratories /8/. The measured Co-60 from the Cu=-63(n,a)~reaction
and Mn-S54-activities from Fe-54(n,p) are summarized in Table 11.
The cross-sections for Cu=-63(n,a) and Mn-54(n,p) are given in

Table 8.

Since the surveillance capsule is not modeled in the transport
calculation caution should be exercised in comparing the measured
and calculated activities which have been summarized also in
Table 11. Nevertheless, cocne can assume that the capsule perturba-

tion effect should rather i1mprove the C/E-values.

There are plans for a detailed analysis of the perturbation effect

together with a reevaluation of all the other capsules.

10
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Table 1: Materia) data

lone Shield thickness Density Comment
(cm) (g/cm?])
core
reflector 20.1 *) 0.753 water
|
barrel 2.54 7.86 ASTM-A240, }
Typ 304 |
X5CrNi189 |
|
|
downcomer 25.36 0,753 water ‘
|
¢lading .8 7.8 ‘
vesse) 12.7 7.86 2ONiMoCr26
reactor cavity €} «1
liner Q.3 7.85 St34
concrete 129.7

*) equivalent core radius is 137.4 ¢m
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Table 3: 35 group energy structure

Lﬁ:— Energy boundaries Nr Energy boundaries
1| 10.000 = 14.917 MeV 18 | 183.16 = 301.97 RKeV
2| 8.187 - 10.000 MeV 19 | 111.09 - 183.16 KeV
3 6.703 = 8,187 MeV 20 §52.475 = 111,09 KeV
4 6.065 = 6.703 MeV 21 | .31.829 = 52.475 KeV
5 4.966 = 6.065 MeV 22 26.050 = 31,829 KeV
6 3.679 =  4.966 MeV 23 24.788 =~ 26.050 KeV
7 3.011 = 3,679 MeV 24 15,034 = 24.788 ReV
8 2.466 = 3.011 MeV 25 §.531 = 15,034 KeV
9 2.346 = 2,466 MeV 26 1.585 = 5.531 KeV
10 4$.231 = 2,346 MeV 27 0.454 - 1,585 KeV
11 1.653 =  2.231 MeV 28 101.3 = 454.0 eV
12 1.353 = 1.653 MeV 29 37.267 = 101.3 eV
13 1.003 = 1,353 MeV 30 10.677 = 37.267 eV
14 0.748 = 1.003 MeV 31 5.044 = 10.677 eV
15 | 550.23 = 747.74 ReV 32 1.855 = 5.044 eV
16 | 368.83 = 550.23 KeV 33 0.625 = 1.855 eV
17 | 301.97 = 368.83 KeV 34 0.414 = 0.625 eV
35 107 - 0.414 eV




Table d4: Calculated neutron spectra [(n/cm?)] in KRB-A vessel
(R,®)-model, © = 111.4°
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Calculated neutron spectra (n/cm?)] in KRB-A vessel,
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Table 6: Calculated neutron spectra (n/cm?] in KRB-A vessel,
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Table 8: dpa, Fe-54(n,p) and Cu-63(n,a) cross-sections [barn]
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dpa Fe-54(n,p) Cu=-63(n,a)
v 2437E+404 0.,4826E4+00 +S204E-01
0,2195E+04 0.4771E+00 0.34%99E-01

0.202CE+04
0.1910E+404
0.1785E+04
0,15B8BE+04
0.,13469E404
0.1273E404
0.11S%E+04
0.1041E+404
0,922%9E+03
0.B0BSE+03
0.35S91E+03
0.4344E+403
0.3283E+03
0.3758E+03
0.2112E+403
0.,1975E+03
0.1422E+03
0.1097E+403
0, 7174E402
0,283FE+403
0,2929E402
0.7096E+01
0.1738E+02
0.4702E+01
0.,174%E+01
0.1207E+400

+2223E+400
0.3903E+00
0.434%E+400
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0.,16S53E+01
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0.4023E+0!

0.4728E+00
0,44646FE+00
0.,4263E+00
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0.,5623E-01
0.,457SE-01
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0.1588E-08
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0o1?49F‘1:
0,443SE-173
0.1988E-13
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C.S129E-09
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0.6’»?95'06
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C.00C0E+00
0.0000E+07
0.0C00E+0C0C
0.0000E40C
0.0000E+00
0.0000E+400
0.0000E+0C0
0.,0000E400
0.,0000E+00
0.000CE+00
0.0GQ0E+00
0,0000E+0C
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Table 9: Comparison of measured and calculated Mn 54 activities

of trepans

Trepan Date of Distance Spec.activity [Bq/g) C/E
measurement (em) from

vessel~

clad in- measured calcu-

terface lated
A 1.5.198¢ 0.30 2035¢ 2586.2 1:87
A 22.1.1986 0.65 $68.8:28.8% 578.4 1.02
0 ' 0.88% 403.2236.3% 493.6 1.22
G ’ 0.80 405.3236.0% 437.8 1.08
L ¢ 0.80 440.2241,1 % 470.6 1.07
P ' 0.60 429.1236.5 % 406.8 0.95
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Table 10: Parameters used for activity calculation

Operation period Tm t. *) Fractional
power
1 15.11.66-15.07.67 242 6132 0.403
2 15.09.67-15.01.68 123 |5948 0.826
3 15,02.68-15.05.68 90 |s5827 0.859
4 01.06.68-30.09.68 122 | 5689 0.506
5 25.11.68-31.05.69 188 5447 0.559
6 25.08.69-31.05.70| 280 |35082 0.96%
7 27.07.70-15.06. M 324 4702 0.986
8 15.07.71=30.04.72 290 4383 0.987
9 01.07.72-05.05.73 309 4013 0.988
10 15.06.73-15.10.73 123 |3850 0.974
1" 15.11.73-04.05.74 1717|3649 0.962
12 15.06.74-11.05.75 331 3277 0.97M
13 15.06.75-07.05.76 327 (2915 0.955
14 02.10,76-13.01.77 104 | 2664 0.9252

*) for date of measurement 1st May, 1984



Table 11: Comparison with dosimetry results from surveillance
Capsule 128

Date of Spec. activity (Bg/g] Gk
measure-
ment measured calculated
Co=-60 in 1. 1.82 V) 81 400 95 056 1.168
copper wire
(Cu-63(n,a))| 22.12.81 ?) 88 800 95 336 1.074
Mn-54 in 1+ 31.82 1) 15 540 25 534 1.643
iron wire
(Fe-54(n,a))| 22.12.81 ?2) 24 420 26 162 1.071
Mn=-54 in
material ¥« " §.82 "} 22 500 25 534 1.135%
sampe]

‘) measurement performed by Bundesgesundheitsamt, Institut fir
Strahlenhygiene, D-8042 Neuherber~

‘) measurement performed by KRB-Gundremmingen
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nuclear power plant Gundremmingen Block A (KRB/A)
analysis has been performed.

surveillance capsules have been analysed.

To determine neutron exposure of several trepans taken from the pressure vessel of the
a three-dimensional neutron spectrum

The trepans have been taken at different axial 2ng azimuthal positions within the

90 = 133 degree octant of the vessel. To define neutron exposure after a more than ten
years' operation-time a complete analysis of the reactor power-time history and of the
three-¢imensional burnup distributions at the begin and the end of each reactor cycle
had to de performed. Neutron exposure parameters such as fast fluyence (E > 1.0 and

E > 0.!' MeV) and dpa have been calculated using the DOT 4.2 code.

To confirm the results of the transport calculations, calculated and measured Mn-54
activities of the trepans have been compared. Additionally dosimetry results from

The attenuation of neutron exposure within the XRB/A vessel wall is discussed in
context with the formulas proposed in Regulatory Guide 1,99 Revision 1 and 2.
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