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Abstract

The response of a mock-up low alloy ferritic reactor
pressure vessel (RPV) steel and associated weldments to
neutron irrauation has been studied using a combination
of hardness, tensile, fracture mechanical and toughness
tests in combination with annealing treatments. Thermal
analysis using isochronal and isothermal techniques has
indicated that annealing at a minimum of 440°C for 168h
is needed to mitigate neutron embrittlement received at
290°C. Rates of re-embrittlement after annealing and re-
irradiating are no faster than initial rates, even up to
neutron fluences as high as 5xlO19-cm'2 (energy, E >
lMeV). All mechanical properties measured benefited
from annealing. Thus, annealing is indicated as one
measure for maintaining mechanical properties in
irradiated low alloy steels and welds and should be
considered in plani life management strategies.

The influence of simulated reactor (boiling water
type, BWR) coolant water chemistry on the stress
corrosion cracking (SCC) propensity of ferritic low alloy
steel specimens in autoclave loop experiments has also
been studied. The double cantilever bend specimens were
fatigue pre-cracked and wedge-loaded to different degrees
to induce nominal stress intensity factors between
15-95 MPa-m14 (displacement control). Other specimens
were subjected to stress using a tensile loading device
integral with the test autoclave (load control). The
importance of close control of the dissolved oxygen
content and the conductivity of the water has become
evident under these experimental conditions. The RPV
material and degree and mode of loading are also
important parameters in SCC studies; stress intensity
factors above 30 MPa-m^ have been associated with SCC
in these studies.

1 Introduction

Monitoring degradation of materials in nuclear power
plants is important not only in terms of safely
requirements but also for economic considerations.
Materials are subjected to various time-temperature

regimes in chemically- and neutronically-active
environments. As nuclear power plants get older, the RPV
acquires higher fluences of fast neutrons; depending on the
material of the RPV, a degradation of mechanical
properties may occur. Phase stability may be affected
which may also cause mechanical property degradation.
These known effects are allowed for by using the standard
surveillance programme supplied by the RPV
manufacturer. This involves the periodical removal of test
specimens for the determination of mechanical properties
as a function of fluence. Since the surveillance capsules
containing specimens of RPV steel and welds are placed
nearer to the core, they acquire neutron fluence at a faster
rate (lead factor) than the actual RPV and, therefore, can
be used to assess the properties, with a time advantage.
Neutron embrittlement mitigation measures, for example
annealing, can be studied using specimens originating
from either test or power reactors.

Stress corrosion cracking (SCC) is a degradation
mechanism found in all branches of industry. When
sufficient tensile stress acting on a sharp crack-like defect
is applied to a sensitive material in a chemically active
environment, then SCC may occur. Environmentally
assisted crack growth can lead to the situation where, in
load controlled situations, the stress intensity factor (Kj) at
a crack tip can gradually increase to reach a critical value
(KIC) causing the component to fail rapidly. The way in
which coolant water chemistry can influence corrosion
assisted cracking and the rate of crack propagation
depends on material factors (chemical composition,
microstructure and tensile stress level and mode of
stressing) and also the coolant hydrodynamic factors (flow
rate and turbulence). Using state-of-the-art-loops and
instrumentation, the first experiments on the influence of
water chemistry on SCC in ferritic low alloy steels have
now been completed; the results indicate ways in which
SCC can be studied to provide more fundamental
understanding of the complex processes involved.

Experimental procedures are given briefly below,
followed by an overview of results concerning neutron
embrittlement and stress corrosion cracking effects in low
alloy RPV steels and welds.
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2 Experimental Procedures

2.1 Materials

The materials used for the neutron irradiation and stress
corrosion cracking studies were low alloy ferritic RPV
steels and associated welds. A typical analysis (weight %)
for RPV forgings is C 0.15%, Mn 1.2%, Si 0.2%, Mo
0.5%, Ni 0.7%, P 0.035% (max.), S 0.04%, the rest Fe.

The material is quenched, tempered and stress
relieved to give a fine-grained structure with high
toughness. For welds, the chemical composition is
basically similar as that for the base material but the
copper impurity content may be higher, e.g. 0.10 - 0.30%.
Welds are, therefore, of particular interest as they may
contain relatively high levels of copper which is known to
increase the sensitivity to neutron irradiation
embrittlement. In particular, the small amount of copper
remaining in solid solution (matrix copper) after the
quench and temper process creates the potential for
enhanced embrittlemenl due to time-at-temperature
(ageing effect such as copper-rich particle precipitation
hardening) and enhanced copper-rich particle precipitation
facilitated by the presence of fast neutron irradiation
induced point defects.

Standard Charpy and pre-cracked Charpy notch
toughness specimens (notch perpendicular to the rolling
direction in the original plate), tensile and hardness discs
were available for the neutron embrittlement studies.

DuL'ble cantilever beam (10 mm thick) and
compact tension specimens (25 mm thick) were used for
the SCC studies. They were fatigue pre-cracked and
wedge-loaded or active-loaded respectively, to create the
desired level of nominal stress intensity at the crack tip;
the specimens were accordingly either under displacement
or load control.

2.2 Irradiation

The irradiations were performed in the reactor SAPHIR or
irradiated specimens originated from international co-
operative programmes. The irradiation temperatures were
near to 290°C which corresponds to the working
temperature of a light water reactor of so-called "Western
technology". For some irradiations, the material, was
irradiated to 50% of its target fluence and then annealed at
460°C for 18h to cause over 90% recovery in the hardness
as determined by thermal analysis (see 2.4 below). After
annealing, the specimens were re-irradiated to the required
end fluence. In this manner, an assessment of the rate of
re-embrittlement could be made.

Unirradiated material was used for the SCC studies.

2.3 Mechanical Testing

2.3.1 Hardness

Two types of hardness test were used, namely the Vickers
microhardness [1] and the Meyer ball indentation hardness
[2j procedures. The latter test is similar to the Brinell test

but uses the concept of load divided by the projected area
of the indentation as opposed to the Brinell system which
uses the contact surface area of the indentation. The Meyer
hardness test is useful in that certain material parameters
associated with the strain hardening index and the
resistance to penetration (both of which are highly
sensitive indicators of neutron hardening) can be derived
from it via Meyer's Law [2].

2.3.2 Charpy and Instrumented Charpy Testing

Standard notched bar toughness (Charpy), as well as
instrumented pre-cracked Charpy tests, were performed.
The details of the instrumented Charpy test are given in
[3]-

2.33 Tensile testing

A servo-hydraulic machine was used under extension
control. The extension rate was 6xlO"6-s"'. Tests were
performed in air at 20°C, 150°C and 300°C.

2.4 Heat Treatment

The irradiated materials, in the form of small discs 2mm
thick and 4mm in diameter, were subjected to isochronal
and isothermal heat treatments; Vickers microhardness
measurements were used as an indicator of the degree of
mechanical property recovery. In this manner, the
temperature range where softening commenced and the
limes required for maximum recovery could be selected.
All tests were carried out in vacuum ovens in order to
avoid oxidation and contamination.

2.5 Stress Corrosion Cracking Loop and
Test Procedure

A detailed description of the loops, their characteristics
and the way in which experiments are performed is given
in [4]. The test loops consist essentially of a water
preparation part, water circulating pump and autoclaves.
The control of the water chemistry, in particular the
dissolved oxygen content and conductivity, is of
fundamental importance in simulation experiments such as
those described here. The oxygen level is maintained using
a gas mixture of 1 - 5% oxygen and argon, and is
computer-controlled. State-of-the-art instrumentation for
on-line oxygen analysis and pH, conductivity and flow
rate measurement is available on the loops. The tensile
loading frame is a spindle machine which is computer-
controlled to give constant loads (or strain rates) as
required. The electrochemical potential of the low alloy
steel in the simulated coolant is measured using a
silver/silver chloride reference electrode and a platinum
counter electrode.

Boiling water reactor (BWR) water chemistry was
used as a starting point for experimental coolant water
chemistry which was then altered with respect to dissolved
oxygen, conductivity etc. according to the requirements of
each experiment. There are no radiolysis effects in the
present experiments.
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3 Overview of results and
discussion

3.1 Neutron Embrittlement

The results of all tests are available as publications [5-9]
which should be consulted for more detailed information
than that given here.

The hardness tests were sensitive to general
irradiation effects. In particular, the strain hardening
reiated index (n), derived from the Meyer hardness test,
was sensitive to neutron irradiation in that it decreased,
indicating that dislocation movement and interactions
were less in the irradiated state. This was probably due to
the pinning of dislocations by fine copper-rich precipitates
or matrix point defects or both. The effect was most
evident in the mock-up weld material containing 0.2%
impurity copper. A hardness profile along a weld is shown
in Figure 1. The irradiation-induced increase in Vickers
microhardness was removed by the heat treatment applied.

The tensile yield strength increase due to irradiation
was also reduced by intermediate annealing, and the
tensile strength responded in a similar manner.

Toughness tests (Charpy) also appear to follow the
same general trends for the annealed conditions. Recovery
in both the Charpy upper shelf toughness and transition
temperatures was also evident in the
irradiated/annealed/re-irradiated samples. Irradiation had a
negligible effect on the shape of the cleavage fracture
toughness curve. The standard Charpy Specimens and the
pre-cracked specimens showed similar trends. The
intermediate annealing treatment was found to be
beneficial no matter what test method was used.

The effect of loading rate on fracture toughness is
dependent on two factors: 1) temperature and 2) yield
stress. Dynamic loading effects become less important as
the temperature and/or the yield strength increases.
Neutron irradiation increases the yield strength due to the
blocking of dislocations by defects in the matrix or,
indirectly, by favouring precipitation in supersaturated and
metastable alloys (e.g. copper-rich particles) which also
block dislocation movement. A consequence of this is that
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Fig. 1 .Hardness before and after annealing

the temperature shift due to loading rate will be greater in
unirradiated material compared to irradiated. Also, the
dynamic temperature shift will be less than the static one.
This could lead to non-conservative assessments of
toughness levels based on dynamic tests, especially as
neutron embrittlement levels increase.

The annealing conditions have to fulfil two main
requirements, namely, they must efficiently regenerate (or
maintain) the mechanical properties at desired levels and
they must be practical to achieve from the point of view of
acceptable times at achievable temperatures. The thermal
analysis indicated that temperatures between 440°C and
500°C for times exceeding 18h were sufficient to reduce
neutron irradiation embrittlement effects. The heat
treatment conditions found here (nominally 450°C x 168h)
would suffice for RPV steel and weldmenis. This is in
agreement with current ideas on annealing parameters
(efficiency and practical aspects).

The annealing schedule chosen must not cause
secondary side effects such as non-hardening em-
brittlement or render the RPV steel and welds more
sensitive to later neutron irradiation or even corrosion.
These aspects can only be studied by using realistically
irradiated archive materials and by verification of
properties as required.

All mechanical property data obtained for the
irradiated/annealed/re-irradiated samples indicates that, at
least in this experiment, the rate of re-embrittlement after
annealing is no greater than when no annealing had been
performed. The overall level of embrittlement was lower
for the annealed case. Annealing causes the irradiation-
induced fine copper-rich particles in the matrix to grow
via diffusion mechanisms (Oswald ripening); the
dislocations can then move more freely, leading to
softening. Annealing also removes point defects which
block dislocations. The amount of copper present in solid
solution in the matrix is reduced by annealing. Further
irradiation is not likely to lead to enhanced re-
embrittiement rates since the level of copper in solid
solution is less for the irradiated and annealed condition.
Comparisons, at equal fluences, between irradiated only
and irradiated/annealed/re-irradiated samples showed the
immediate benefit of annealing by reduction of the
hardness increase, less increase in tensile strength
properties, less Charpy transition temperature shift and
improved Charpy upper shelf energy toughness. The
instrumented Charpy test results also indicated that an
intermediate annealing was beneficial in reducing
embrittlement.

For the practical case then, where trends in the
ductile to brittle transition temperature increase may limit
operational flexibility, dry annealing of a RPV (with all
internals removed) or even neutron flux reduction
measures could be implemented. Annealing should be
performed before 50% of the expected end-of-life-fluence
is reached in order to gain practical and economic
benefits. Neutron flux reduction measures, such as
replacing peripheral fuel elements with dummy stainless
steel ones, will increase the time needed to reach either
neutron fluences high enough to cause embrittlement ef-
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fects in sensitive materials or the design end-of-life
neutron fluence. This is a relatively easy action to
perform.

3.2 Stress Corrosion Cracking

The results of 17 tests to date have been reported
elsewhere and detailed information is given in these
documents [10-12].

A typical wedge loaded specimen (half) which has
suffered SCC is shown in Figure 2. The dissolved oxygen
content of the loop water was 0.8 ppm throughout the
experiment, and the conductivity was 1 (lS-cnv1. The
nominal stress intensity factor was 76-1 MPa-mw.

Within the limits of these experiments, stress
corrosion cracking can certainly be induced in low alloy
ferritic RPV steel under simulated BWR conditions
(excluding radiolysis effects). Radiolysis is likely to
increase the oxidising capacity of the coolant and creates,
therefore, a more severe environment.

Dissolved oxygen increases the electrochemical
potential of the steel, thus setting up a potential gradient in
a crack. The anodic potential increases as the amount of
dissolved oxygen increases. Stagnant conditions are more
likely to cause subcritical crack growth since acidification
in the crack tip is less likely to be removed by dilution
effects and, thus, corrosion is locally enhanced.

Modelling of SCC requires a multi- disciplinary
approach since chemistry, metallurgy and engineering
aspects are ail important Some preliminary ideas have
been presented [13]. The present study has shown the
importance of dissolved oxygen in the water, the water
conductivity and stress intensity level acting on a sharp
crack in simulated off-specification BWR coolant
conditions.

The low water flow rate through the autoclaves

(101-h1) was chosen to simulate the effect of possible
"dead-legs" and to see what effects local water chemistry
(in a narrow crack) could cause in terms of enhancing
environmentally-assisted subcritical crack growth. Load
controlled (active loading) experiments cause relatively
rapid cracking compared to deflection loaded conditions at
similar levels of stress intensity and water chemistries.

Sulphur, as an impurity element in the low alloy
steel (in the form of MnS) causes acidification in the
crack-tip water chemistry due to hydrolysis. It is feasible
that the morphology of the MnS particles may also
influence crack growth rates.

4 Conclusions

4.1 Neutron Embrittlement

Mitigation of neutron induced embrittlement appears
feasible when the materials are well characterised with
respect to their thermal annealing response. Such
annealing procedures hold promise for plant-life extension
programmes. At least 150°C more than the irradiation
temperature is required to cause significant annealing
effects (recovery of mechanical properties towards the
unirradiated values) in the type of RPV steel investigated.
Times of up to 1 week (168h) at 450°C appear to be
practical and ensure enough time for diffusion dependent
recovery processes to occur. Re-embrirtlement rates after
annealing and re-irradiating were not higher in the RPV
steel.

The weld also responded well to annealing. The
combined recovery of the various mechanical properties
must be assessed in judging whether an annealing
procedure has been optimum or not.

4.2 Stress Corrosion Cracking

Stress corrosion cracking (SCC) is a degradation
mechanism caused by the simultaneous action of a tensile
stress on a susceptible material in a chemically active
medium. Under certain off-specification conditions for
BWR water (especially dissolved oxygen higher than 0.2
ppm and conductivity more than 0.3 liS-cnv1) and for
quasi stagnant flow, SCC can occur in low alloy RPV
steel. Hence the importance of keeping dissolved oxygen
levels in the feed water of BWR as low as possible. The
constant load experiments are more severe tests as the
stress intensity level increases as subcritical crack growth
progresses. The observed reduction in time necessary for
SCC to commence in low alloy RPV steel under load
controlled conditions agrees with the current
understanding of SCC processes with respect to crack
nucleus incubation times.

Fig. 2:Stress corrosion crack in area "C"
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5 Future Work

5.1 Neutron Embrittlement

Fracture mechanicaJ measurements will be continued. The
use of reconstituted specimens, using unrfistorted specimen
halves welded to dummy ends, will enable more static test
data to be generated. The effect of neutron flux rates will
be addressed using reconstituted Charpy-type specimens
irradiated in both power and test reactors.

5.2 Stress Corrosion Cracking

Further experiments to determine the value of stress
intensity factor below which SCC will not occur, even if
non-optimal water chemistry and SCC sensitive material
are present, are continuing. Investigations into the effects
of load cycling (corrosion fatigue) are planned in order to
approach expected working conditions. Further water
chemistries will be tested for their influence on SCC in
low alloy RPV steel.
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