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Abstract
Within an enhanced commercial surveillance strategy, the nuclear-research institute SCK»CEN in Mol, Belgium is
investigating, by means of internal friction, the microstructural processes responsible for embrittlement of pressure-
vessel steels.
The experiments were carried out using a torsion pendulum at the Ecole Polytechnique Fe"de"rale de Lausanne in
Switzerland. Amplitude-independent internal-friction experiments teach us that neutron irradiation induces defects
which interact with mobile dislocations. Thermal ageing of JRQ and Doel-IV steel does not cause major
embrittlement effects. Amplitude-dependent internal-friction experiments allow us to determine a critical amplitude
which corresponds to the yield stress of the material as obtained from static-tensile tests. The results also correspond
to a three-component model for the yield strength taking into account both hardening and non-hardening
embrittlement. Investigations of Doel-I-II weld material in different conditions reveal that embrittlement due to
irradiation or thermal ageing can be interpreted in terms of a fine interplay between long- and short-range
phenomena.

Keywords: commercial surveillance, internal friction, steel, neutron irradiation, ageing, embrittlement, yield
stress, hardening
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1. Introduction

General information
Within the framework of enhanced commercial surveillance, the SCK-CEN Nuclear Research
Centre in Belgium is developing more plant-specific embrittlement trend curves which rely
mainly on results from microstructural investigations in support of damage modelling [1]. The
microstructural investigation techniques we employ are positron-annihilation spectroscopy,
transmission-electron microscopy and internal friction. Internal-friction measurements yield
the internal friction, i.e. the ratio of the dissipated energy to the maximally stored elastic
energy in the medium, and the frequency which is proportional to the square root of the
elasticity modulus. We used a torsion pendulum (~1.5Hz) at the Institut de Genie Atomique of
the Ecole Polytechnique Fe"derale de Lausanne to conduct internal-friction experiments. This
paper will describe the results of internal-friction investigations of JRQ, Doel-IV weld and
Doel-I-II weld materials in different conditions which are listed in table 1. These materials
were chosen because two of them: JRQ and Doel-IV weld formed part of the IAEA Phase 3
Coordinated Research Programme on 'Optimisation of Reactor Pressure Vessel Surveillance
Programmes and Their Analysis' [2] and because the Doel-I-II weld material is currently
being investigated thoroughly in order to ensure adequate fracture toughness of the Doel-I and
-II pressure vessels for further exploitation of the Doel-I (1974) and Doel-II (1975)
pressurised water reactors. All specimens (1.3xl.3x23mm:J) were sawn from half Charpy's.
The results will be discussed taking into account results obtained from Charpy, tensile and
microscopic investigations.

Table liConditions of irradiation and thermal ageing.

JRQ A533 B
class 1 plate
Doel-IV weld
SA-508Class3
Doel-I-II weld
Soudotenax 56F

Y

3 years at 300°C

3 years at 300°C

1 week at 343°C
1 week at 450°C

1.07x10'* n/cm2

3 years at 300°C
N

0.85x1019 n/cm2

8 years at 300°C

N

N

1 week at 343°C
1 weekat450°C

Y: measured; N: not measured

Table 2 lists the chemical composition of the steels under investigation.

Table 2: Chemical composition.
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Table 3 summarises the heat treatments which the specimens underwent. Knowledge of the heat
treatment and results from a metallographic study indicate that all specimens have a largely
bainitic microstructure (tempered upper bainite).

JRQ

Doel-IV weld

Doel-I-IIweld

normalised at 900°C, water quenched,
tempered at 665°C for 12 hours, stress relieved
at620oCfor40hours
heating at 30°C/h max up to 600/620°C and
held for 24 h 45 min; furnace cooling 30°C/h
maxjair cooling from 260/265°C
20-489°C at 26°C/hour; 489-600°C
3.34°C/hour; held at 600°C for 9.75 hours;
cool down: 600-489°C at 4.2°C/hour; 489-
20°Cat33°C/hour

Internal friction
For all steels a standard behaviour (figure 1) of the internal friction and the frequency as a
function of temperature can be observed. This standard peak is obtained while measuring at
relatively high amplitudes (8x10 ) and after 8x1% deformation at 250K. The peak is reproducible
after a two hour anneal at 600K and subsequent deformation at 250K which, in principle, allows
for limitless measurement sequences on a single sample. The peak can be described considering a
model in which the internal friction Q"1 is proportional to the mobile-dislocation density A times
the n^-power of the mean-mobile-dislocation-segment length 1: Q"'~Aln, where n > 2 [3].

6>

4.50

4.00 ..

3.50 ..

3.00 ..

2.50 ..

2.00 ..

1.50 ..

1.00 .

0.50 ..

0.00 . .

inters titials
pin dislocations

Q i dislocations
"A overcome

barriers

0 100 200 300 400

Temperature (K)

500

.. 1.8000

1.8600

a

.. 1.7400

1.6800
600

Figure 1: Temperature-dependent measurement at a vibration amplitude of 8x10 of Doel-I-II weld in
unirradiated state after a 8x1% (2 cycles) deformation at 250K.

At low temperatures, only edge dislocations are mobile. At about 150 K, the mobility of screw
dislocations begins to increase which gives rise to an increase in the damping. Saturation of the
damping at -315K corresponds to annihilation of dislocations in the grains, at the grain
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boundaries or at the surface. These irreversible movements of the dislocations give rise to a
continuous drift of the pendulum's zero position. At -330K interstitial atoms start to pin the
dislocations. This results in a smaller dislocation segment length 1 and/or a further decrease in the
mobile dislocation density A, thus in a lower value for the internal friction Q"1. A change in the
behaviour of the frequency and the absence of a drift in the zero position which means that the
dislocations do not move any more substantiates this observation. The shoulder in Q"1 at around
400K has been attributed to a stage where the pinned dislocations have sufficient thermal energy
to drag the interstitial atoms along [4]. Irradiation-induced defects cause additional reduction of
the density of mobile dislocations. This results in a decrease of the internal-friction maximum and
in a shift towards a lower internal-ftiction-maximum temperature, which can be observed below
in figure 4.
Amplitude-dependent measurements yield a critical value for the amplitude which corresponds to
the onset of plasticity (figure 2).

0.001 0.002 0.003 0.004

amplitude

0.005 0.006

Figure 2: Doel-I-II weld in unirradiated condition at 292K. Epscrit is a critical amplitude
which corresponds to the onset of plasticity. It is determined by the amplitude at which Q"l

bis

is no longer constant; Q'\iSt is determined from the first two periods of the free-decay signal.

This critical amplitude is determined at different temperatures and subsequently plotted as a
function of temperature. The plot (figure 3) reveals low-temperature hardening which is typical of
bcc materials and can be attributed to a strong temperature dependence of the mobility of screw
dislocations.
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Critical amplitude as a function of temperature for JRQ steel
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Figure 3: The critical amplitude is higher at lower temperatures, this represents the phenomenon of
low-temperature hardening characteristic for bcc metals and shown here for JRQ steel in unirradiated
condition. The normalised critical amplitude can be compared to static-tensile tests and to a three-
component model for the yield strength.

We can use such curves to determine whether hardening occurs after thermal treatment and/or
irradiation by comparing the results for the unirradiated, thermally treated and irradiated
materials. This is explained more in detail in figure 8. The data can, moreover, be related [5] to
tensile data and have been shown to correspond to a three-component model for the yield strength
taking into account both short- and long-range interactions and grain-boundary effects [6].

2. Results and discussion

2.1 Effect of irradiation

All specimens reveal the standard peak (figure 1). Irradiation lowers the peak maximum and
shifts the peak to a lower temperature. The lower value of the internal friction after irradiation
has been attributed to irradiation-induced defects interacting with dislocations and pinning them
[7] (figure 4). The neutron fluences are approximately the same for the two steels (1.07x10
n/cm2 for JRQ and 0.85x1019 n/cra2 for Doel-I-II weld) -we do not have internal-friction data
for irradiated Doel-IV weld material- which reflects itself in a relatively similar irradiation-
induced decrease of the internal-friction maximum. In unirradiated state the JRQ steel exhibits
a lower internal-friction maximum than the Doel-I-II steel. This might be attributed to the
larger number of carbon atoms and carbide formers present in the material which act as pinners
to dislocations. This means that more pinners would pin dislocations in the JRQ material than
in the Doel-I-II steel preventing dislocations from covering long distances and lowering the
dislocation-segment length which relates to a lower internal friction. The results from the
IAEA-phase-3-coordination programme [2] show irradiation embrittlement for the JRQ
material in a transition-temperature shift of ~90°C and an upper-shelf-energy drop of ~50J.
Vickers hardness (49N) tests show an increase in hardening due to irradiation for the JRQ
material.
Microstructural investigations conducted by AEA Harwell [8] reveal manganese, silicon and
copper precipitation under irradiation for the Doel-I-II weld material. The precipitates have an
average diameter of ~2-5nm depending on the fine- or coarse-grained region in which they are
found which makes them, on the whole, larger than is usually observed in steels after
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irradiation. Their overall density is estimated at 9x10 per m\ Scanning-transmission-electron
microscopy indicates enrichment at the grain boundaries of Mn,Ni,Mo,Si,Cu and P in a fine-
scale unresolved (<lnm) precipitate configuration. Impact-fracture tests were carried out at
-100°C to check for intergranular fracture which was subsequently ruled out in favour of a
mechanism of transgranular cleavage.
An important finding in contradiction with regulatory guidelines is that Charpy-V-notch impact
tests reveal a large irradiation-induced shift for the Doel-I-II weld material which turns out to
be independent of copper content. Despite the large shift, extrapolation to forty years yields a
reference-temperature nil-ductility temperature (RTNDT) well below the pressurised-thermal-
shock (PTS) criterion limit. These findings are consistent with our observations of a
considerable pinning effect on the dislocations due to irradiation-induced defects. Furthermore,
amplitude-dependent measurements (figure 8) suggest that irradiation of Doel-I-II weld
material induces a hardening of ~400MPa which is consistent with tensile- and impact-test
results.
Further studies will be conducted on specimens which have been subjected to high irradiation
doses, this in order to investigate high-fluence radiation-damage mechanisms [6].

Q-ldoel-Iwirr

B Q-ldoel-Iwui

+ Q-ljrqirr

100 200 300 400

Figure 4: Irradiation lowers the internal-friction maximum for JRQ (1.07x10 n/cm2) and
Doel-I weld (0.85xl019 n/cm2) steels. ui:unirradiated, irr:irradiated, w:weld.

2.2 Effect of thermal ageing

Figures 5 and 6 portray the effects of thermal ageing for Doel-IV weld material and for JRQ
steel. For the JRQ specimen, thermal ageing for three years at ~300°C does not influence the
standard internal-friction peak. No difference can be observed in the critical amplitude either
indicating that thermal ageing does not induce hardening for the JRQ material. This is
consistent with results from hardness measurements within the frame of the Phase 3
Coordination programme [2].
The Doel-IV weld sample reveals a quite different effect of thermal ageing. The unirradiated
peak develops a maximum at the deformation temperature (250K) whereas the aged specimen
rises to a maximum at -310K. Perhaps, the unirradiated sample is made up of smaller grains
allowing for dislocations to cover greater distances in the thermally-aged sample than in the
unirradiated sample before they annihilate at the boundary (photographs la and b). This
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interpretation might also explain the observation of a negative though very small transition-
temperature shift in impact tests. The amplitude-dependent results reveal an effect of hardening
(an increase of the critical amplitude of ~1.5xlO3 which roughly corresponds to 200MPa) at low
temperatures (~90K) which indicates an effect of short-range interactions to dislocations. At
higher temperatures the effect subsides. This observation might explain the somewhat lower
temperature-dependent internal friction on the low-temperature flank for the thermally-aged
sample. From higher temperatures onwards, the energy to the dislocations becomes sufficient to
overcome this short-range pinner. However, the IAEA results for Doel-IV weld material do not
reveal hardening due to thermal ageing. Tensile tests do not show an increase in the yield stress.
The upper shelf limit seems to drop slightly after thermal ageing, but this is not beyond doubt.
More information is required to ascertain to the fullest whether or not hardening occurs. In view
of this, we must conclude that thermal ageing of JRQ material does not induce hardening, while
thermal ageing of Doel-IV weld material might induce hardening due to short-range
interactions with dislocations.
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Figure 5: Standard peak for JRQ and Doel-IV weld materials in unirradiated (ui) and thermally-aged (ag)
conditions after a 8x1% deformation at 250K and at a vibration amplitude of 8x10"4.
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Figure 6: The critical amplitude at different temperatures for JRQ and Doel-IV weld material. No clear effect of
hardening (higher critical amplitude) can be observed for the JRQ specimen but an indication of a small effect
of hardening is present at ~90K for the Doel-IV weld specimen, uirunirradiated, ag.thermally aged
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Figure 7 presents the effects of thermal ageing without irradiation for Doel-I-II weld material.
No effect of hardening can be observed for temperature-dependent measurements.
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Figure 7: Doel-I-II weld at an amplitude of 8x 10 after 8x 1 % deformation at 250K. Thermal ageing for one
week at 343°C (343) and at 450°C (450) does not influence the unirradiated (ui) peak.

Figure 8 shows a plot of the critical amplitude as a function of temperature for Doel-I-II weld
material in unirradiated, thermally aged (1 week at 343°C and at 450°C), in irradiated (O.85xlO19

n/cm2) and in irradiated and thermally aged (1 week at 343°C and at 450°C) state.

Doel-I weld in ui, irr, 343/450°C and irr+343/450°C conditions
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Figure 8: Doel-I weld material in unirradiated (ui), thermally aged for one week at 343°C/450°C,
irradiated (irr), irradiated-annealed (ia) for 3hl5 at 700K and irradiated & thermally-aged
for one week at 343°C/450°C condition.

The very similar temperature-dependent behaviour of the unirradiated and thermally-aged Doel-I-
II weld specimens remains thoroughly to be investigated especially since a significant hardening
effect is observed after ageing for one week at 450°C in amplitude-dependent measurements. A
preliminary interpretation might be that the critical amplitude as a function of temperature (figure
8) for the unirradiated specimen aged at 450°C can be described by considering strong pinners
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-possibly large precipitates which are observed after a similar thermal treatment of irradiated
specimens [8]- to the dislocations which develop during thermal treatment at 450°C but are
sheared by deforming the specimens prior to the measurement at 250K. These precipitates
probably interact with dislocations over short and long distances. Plastic deformation prior to the
measurement would free pinned dislocations and since temperature-dependent results are
especially sensitive to short-range interactions with dislocations, effects of long-range would be
mainly observed in amplitude-dependent tests which are conducted without deformation prior to
the measurement. These assumptions can be substantiated by the observation that thermal ageing
at 343 °C after irradiation (figure 9) which is thought to promote short-range interactions with
dislocations causes a decrease of the internal-friction maximum on top of that due to irradiation.
Thermal ageing at 450°C after irradiation, on the contrary, seems to have no influence on the
internal-friction maximum and is thought to promote long-range phenomena such as copper-
manganese precipitation. The shift in the critical amplitude (figure 8) due to thermal ageing at
450°C after irradiation is most pronounced in the far thermal and near athermal region. Therefore,
the differences in the critical amplitude between the thermally-aged at 450°C and the irradiated &
thermally-aged at 450°C condition can be considered in terms of long-range obstacles or grain-
boundary effects which are usually combined in this thermal-athermal intermediate region of the
yield strength. The high critical amplitude which is observed in the low-temperature region of the
yield strength for the irradiated and thermally-aged at 343°C specimen should then be interpreted
in terms of short-range obstacles to dislocations which are too strong to be sheared by 8x1%
plastic deformation. The large hardening effect after irradiation in both the thermal and the
athermal regions of the yield strength should, therefore, be considered as representations of short-
and long-range phenomena, such as long- and short-range precipitation of Cu or Cu-Mn to
dislocations and precipitation of Cu,Mn,..., P at grain boundaries which have been observed by
means of microstructural investigation [8].

Doel-I weld in ui, irr, irr+343°C and irr+450°C conditions
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Figure 9: Standard peak for Doel-I-II weld material in unirradiated (ui), irradiated (irr), and thermally-aged for one
week at 343°C (343) and 450°C (450) condition, (measured at a vibration amplitude of 8x10"* after deformation of
8xl%at250K).
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2.3 The Snoek-Koster relaxation

The JRQ and Doel-IV weld specimens in thermally-aged condition reveal an unstable Snoek-
Koster peak at -540K (figure 10) which is attributed to bowing out of dislocations in a Cottrell
atmosphere of interstitial atoms in solution [9]. The peak height is related to the amount of
deformation and to the concentration of interstitials. The Doel-I-II weld specimen does not
reveal a Snoek-Koster peak. This might be explained by considering that the Snoek-Koster
peak is usually obtained only after a deformation at low-to-room temperature and some form of
ageing or a measurement as a function of temperature. The ageing treatment of three years at
~300°C seems to promote the appearance of a Snoek-Koster peak, whereas the short thermal
treatment of one week at 343/450°C induces precipitation. We can therefore suggest that
thermal ageing for three years at reactor-operating temperatures promotes the rise of a Snoek-
Koster peak. Phosphorus precipitation at grain boundaries has been known to influence the
position of the Snoek-Koster peak [10] but as the amount of phosphorus present in the two
materials is the same we would expect to see the peak at the same temperature for the two
materials.-
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Figure 10: JRQ and Doel-IV weld in unirradiated but thermally-aged (3 years at ~300°C) and Doel-I
weld in unirradiated and aged for one week at 343°C condition. Both JRQ and Doel-IV weld steel
reveal a small Snoek-K&ster (SK) peak at -540K.

3. Conclusions

The main conclusions of this work are that the internal-friction measurements are, sensitive to
long- and short-range damage mechanisms and that the results are consistent with results
obtained from impact, tensile and hardness testing and from microstructural investigations.
More specifically,
a) the internal-friction technique is a non-destructive technique. The results can be reproduced;
b) the observation of a decrease in the internal friction with irradiation, irradiation-induced
pinning of dislocations, can be related to the microstructural observations of Cu or Cu-Mn
precipitation and is consistent with impact, tensile and hardness observations;
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c) none of the tests conducted reveal hardening due to thermal ageing for JRQ steel, but the
Doel-IV weld material might be susceptible to hardening with thermal ageing. Further tests will
have to be conducted to find out whether or not hardening occurs;
d) effects of thermal ageing for one week at 343°C/450°C of irradiated and unirradiated Doel-I-
II weld material can be described in terms of a fine interplay between short-range and long-
range microstructural phenomena.

Further investigations will be performed to study radiation damage mechanisms which come
into play at higher fluences by means of a specially equipped torsion pendulum under
construction.
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