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Abstract: The neutron irradiation embrittlement of four different types of nuclear pressure vessel
materials (three base metals and one weld material) were investigated by a magnetic nondestructive
testing method, magnetic adaptive testing (MAT). The method is based on the measurement of
minor magnetic hysteresis loops on Charpy specimens irradiated by neutrons in the BR2 reactor.
Due to the neutron irradiation, the structure of the material was modified. The Charpy impact
method is suitable for destructive characterization of material embrittlement. The results of Charpy
impact test measurements at SCK CEN Belgian Nuclear Research Centre were compared with the
nondestructively measured magnetic parameters. A definite correlation was found between magnetic
descriptors and the ductile-to-brittle transition temperature (DBTT), regardless of the type of material
or irradiation condition. The results suggest that this “calibration curve” can be used to estimate the
DBTT from non-destructive measurements.

Keywords: steel degradation; nuclear reactor pressure vessel; magnetic NDT; magnetic adaptive
testing; neutron irradiation

1. Introduction

Recently, many nuclear power plants having pressurized water vessels operating all over the
world were allowed to operate for longer periods than initially foreseen, typically with an additional
20 years of operation. The safe operation of these power plants is essential, and the reactor pressure
vessel (RPV) is the most important part of nuclear reactors and their lifetime is determined by the
lifetime of RPVs. During service, the pressure vessels are exposed to harsh operation conditions
(high temperature and pressure, intensive neutron radiation, etc.), which degrade the properties of
pressure vessel materials. It is extremely important to monitor the material properties of RPV to ensure
safe operating conditions in conformity with safety requirements. Usually low alloyed CrNiMo or
CrMoV steels are used as RPV materials. These materials are ferromagnetic.

The standard way of monitoring the degradation of reactor pressure vessel materials is the so
called surveillance programme. This program uses many samples, which are placed inside the reactor
and exposed to neutron irradiation close to the pressure vessel wall. The surveillance specimen sets
contain mainly Charpy impact testing samples. The sets of samples are systematically taken out from
the reactor and further tested to determine some characteristic parameters. The Charpy impact test is
regularly used to characterize structural materials since the beginning of last century [1]. The Charpy
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specimen with a 10 X 10 mm? cross-section, a 45° and 2 mm deep V-notch and a length of 55 mm is
broken with a swinging hammer and the absorbed energy determined. This energy is measured as a
function of test temperature, which allows the deriving of the transition curve. The ductile-to-brittle
transition temperature (DBTT) corresponds to the temperature at which the absorbed energy is 41 J.
The determination of the DBTT value requires usually several (minimum a dozen) Charpy specimens
that should be tested at various temperatures. After neutron irradiation, the Charpy samples become
radioactive requiring special safety measures or policies applicable in hot cells.

Nondestructive tests usually do not determine directly the material characteristics, which
are measured by destructive tests. It means that before any application of nondestructive tests,
they should be very rigorously correlated to the standardized destructive tests. Therefore, before
any non-destructive measurements, a calibration is necessary by extensive efforts to validate the
methodology. Several non-destructive methods are available. One of them is the method based on
the Seebeck effect. It was found [2,3] that by very precise measurement of the Seebeck coefficient,
the non-destructive inspection of the neutron irradiation generated embrittlement of RPV steels was
possible. The ultrasonic technique is another widely and successfully used, standardized method for
the detection of material degradation [4—6], but till now this technique has not been able to detect the
neutron irradiation generated embrittlement of reactor steel.

Magnetic methods play an important role in electromagnetic nondestructive evaluation [7,8]. One
of them, the Barkhausen noise (MBN) method has been developed as a useful technique for investigation
of surface defects caused from manufacture, microstructure change and residual stresses [9-12]. Another
technique, magnetoacoustic emission, can be used for the monitoring or determination of residual
stresses [13].

The analogy between modification of material microstructure due to different effects (i.e., how
dislocations move) and modification of magnetic behavior under a magnetizing field (i.e., how magnetic
domain walls move) can be used to characterize the materials by magnetic hysteresis measurements.
Domain walls and move of dislocations are both influenced by the defects in the micro-structure when
they move in a ferromagnetic material. The correlation between magnetic and mechanical hardness
in ferromagnetic materials is well-known and well understood [14,15]. An advantage of magnetic
methods is that they are technically simple, the technique is not expensive and it can be applied via
electrical cables and coils. It means that the control electronic device can be put outside of the protected
area where the radioactive specimens must be kept. Applicability of magnetic methods for quantitative
determination of material degradation have been proven by several successful investigations. For
instance, the influence of thermal treatment [16], effect of cold rolling [17], influence of neutron
irradiation on reactor pressure vessel steels and welds were investigated [18-20].

A relatively novel and promising method of non-destructive evaluation, based on magnetic
hysteresis measurements, is the so-called magnetic adaptive testing (MAT) [21]. In this method series of
minor magnetic hysteresis loops are measured in contrast to the major loop measurement. Parameters
are calculated from the points of minor loops characterizing the material degradation. As it has
been proven [22], MAT is a sensitive, robust and multi-parametric method. Three different series of
reactor steel material samples, irradiated by neutrons, were investigated by MAT in our previous
work [reference]. In all cases, good correlation was found between magnetic descriptors and the
neutron fluence [23]. Applicability of MAT is presented in this work for four different RPV steel
materials by comparing the destructively measured transition temperature (DBTT) values with the
non-destructively determined magnetic descriptors.

2. Sample Preparation and Processing

Charpy specimens with standard geometry and dimensions (shown in Figure 1) from 22NiMoCr37,
A508-B and HSST-03 base metals and of 18MND5-W weld material were studied. These materials
belong to the typical RPV steel groups (western RPV design). The chemical compositions measured by
optical emission spectroscopy of the four materials are presented in Table 1.
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Figure 1. Shape and dimensions (in mm) of the measured samples. (Each sample had a V-notch at
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one face.).

Table 1. Chemical compositions (wt%) of the investigated materials by optical emission spectroscopy.

Material C Si Mn P S Cr Mo Ni Cu
18MND5-W 0.09 0.23 1.21 0.018 0.009 0.12 0.49 0.96 0.13
22NiMoCr37 0.20 0.25 0.87 0.009 0.007 0.39 0.49 0.85 0.06
A508-B 0.20 0.31 1.40 0.010 0.008 0.10 0.45 0.74 0.06
HSST-03 0.25 0.27 1.42 0.013 0.011 0.13 0.48 0.62 0.12

The samples were irradiated in the CALLISTO loop of the BR2 reactor at different temperatures
ranging between 150 and 305 °C by fast neutrons (E > 1 MeV energy) to a total neutron fluence
range of 2.66 X 101°-9.36 x 10'° n/cm? [24] in the CHIVAS irradiation campaigns. Since irradiated
samples are radioactive, they must be measured only in hot cell laboratories. Charpy impact testing
standard (ASTM-23-16b, [25]) was used to get the 41 ] ductile-to-brittle transition temperature (DBTT).
A calibrated impact tester (300 ] MFL PMT PSW300M type, made by (Maschinenfabrik Liezen und
Giefierei Ges.m.b.H. Werkstrafle 5, 8940 Liezen, Austria) was applied for the testing with ISO tup.
Samples were cooled down in an environmental chamber with controlled temperature. All tests were
performed according prevailing standards, namely E23 and E2215. DBTT values were determined for
groups of samples irradiated by the same neutron fluence. The uncertainty on DBTT is usually not
exceeding +/-10 °C, except on heterogeneous materials.

Within this experimental series 3 pieces of not irradiated (reference) and 12 pieces of irradiated
sample were measured made of 22NiMoCr37 type base material, 3 pieces of not irradiated and 8 pieces
of irradiated sample were measured made of HSST-03 base type material, 5 pieces of not irradiated
and 7 pieces of irradiated sample were measured made of A508-B base type material, and 5 pieces of
not irradiated and 7 pieces of irradiated sample were measured made of I8MND5-W weld material.

3. Magnetic Adaptive Testing

Minor magnetic hysteresis loops are measured systematically by this technique. A complex set
of minor hysteresis loops contains all information about the material’s microstructure modification
generated by external effects. The theoretical Preisach hysteresis model [26] describes this phenomenon.
Measurement starts from a zero magnetizing field after careful demagnetization of the sample by
decreasing AC magnetizing current. The AC magnetizing field is step by step increased during the
measurement up to its saturation point. A special measuring device, the permeameter, was designed
and built for this purpose [27], which is controlled by a PC. Samples to be measured are magnetized by
a magnetizing yoke, which is placed on the sample. The measurement is performed on the surface
opposite to the V-notch. The magnetizing yoke is a half transformer core made of laminated Fe-5i
sheets. It contains two coils, an exciting coil and a pick-up coil, both of them are wound on yoke
legs. The yoke size should be chosen such as to accommodate the sample size. The possible largest
volume should be magnetized, but the yoke legs should not be longer/wider than the surface of the
sample. In the case of the presently measured samples, the cross-section of the yoke leg is 10 X 5 mm?.
The sample holder designed for hot cell measurements can be seen in Figure 2. Below the sample is the
magnetizing yoke, and the replacement of samples can be done easily by a manipulator. Control of the
measurement is performed by an electronic unit, which is located outside of the hot cell.
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Figure 2. Photo of the sample holder. A Charpy sample is placed on the top V-notch is opposite to the
magnetizing yoke.

Magnetization of the sample is made by a triangular waveform current with a step by step
increasing amplitude producing a triangular time variation of the magnetizing field. The slope of the
magnetizing current is fixed. A signal generated in the pick-up coil is proportional to the differential
permeability of the sample if the magnetizing field variation is linear with time.

An evaluation program was developed for processing the measured data. Square grate of
elements are generated and experimental raw data are interpolated into this grate. This is the u or
permeability matrix, which is the base of any further evaluation. The elements of the matrix are
characterized by i = p (hq, hp) values, where 5, is the minor loop amplitude and h, is the magnetizing
field. These -elements are designated as “MAT-descriptor” and they characterize the material structure
variation of the investigated specimens.

Another evaluation program was developed for processing of the matrices. The u = u (h,, hp)
matrix elements are normalized by the same element of the reference matrix. In this process,
 (x)-degradation functions are calculated. These functions characterize the degradation of material.
In the present work, x is the transition temperature, i.e., DBTT. The whole MAT procedure is described
in details in Ref. [22].

The magnetizing yoke, the sample itself and the air gap between sample surface and the sole of
magnetizing yoke form an open magnetic circuit. Due to the air gap, part of the magnetic flux is scattered
to the air, this part is not effective from the point of view of sample’s magnetization. In other words,
the measured permeability decreases significantly proportionally with the stray field, it is not a bulk
property of the measured sample any more. Consequently, the surface condition (surface irregularity
or roughness, surface corrosion) plays a substantial role on the shape of the investigated permeability
curves and on the maximal measured permeability. Furthermore, any pollution and dust on the
surface can modify surface conditions. These unwanted effects decrease the measured permeability.
Considering that MAT descriptors (u-degradation functions) are calculated from the permeability;,
they are very much influenced by surface conditions. If the surface roughness is the same or similar for
all samples within the same experimental series of samples, the quality of surface does not play role,
because MAT descriptors are normalized by the reference sample’s descriptor, and only the difference
between samples behavior is determined.

However, due to neutron irradiation, it happens frequently that the surface roughness varies
from one sample to another, and this can cause a problem. To get reliable results during magnetic
measurements, the harmful influence of the surface roughness was reduced by fine polishing of the
surface of the specimens in the hot cell before all measurements. Polishing was done through several
minutes of grinding by a “1200” code fine SiC polishing paper. This polishing improves significantly
the surface quality, which can be observed on the detected permeability curves.
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4. Results and Discussion

All the four series of the above described Charpy specimens made of different reactor vessel
materials were measured by the MAT method before and after neutron irradiation. The u matrix
elements, which characterize the material degradation, were calculated from the measured permeability
loops. There are many (hundreds or thousands, depending on the evaluation) matrix elements, and the
so called sensitivity map helps to find the most suitable (optimal) degradation functions. The sensitivity
map is a 3D plot, and it is calculated during the data processing. It illustrates the relative sensitivity
of the u (x)-degradation functions, as represented by the value of the slope of the linear regression
computed for each u (x) and plotted into the sensitivity map at the position of the relevant coordinates
(ha, hp). The most responsive part of the sensitivity matrix of the investigated 22NiMoCr37 samples is
shown, as an illustration, in Figure 3, as the red area. It is seen that within the area of top sensitivity
the u (h,, hy)-degradation functions vary only very slightly from one another, so the neighboring
elements provide practically the same value. The crossed lines in Figure 3 indicate the position of the
(ha, hp)-coordinates (h, = 75 mA, hy = 110 mA), which determines the optimal u-degradation function
with respect to the independent parameter (DBTT). The neighboring points would result in the same
value, however. This makes the choice of the proper, sensitive (optimal) descriptor to be very reliable
and well reproducible. Sensitivity matrices were calculated and used for all sample series, but for other
materials it is not shown here. The position of the optimal (k,, /1p)-coordinates depends on the material,
it is not the same for all sample series.
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Figure 3. Map of relative sensitivity of the u-degradation functions,  (DBTT) = u (hg, hp). The crossing
point of the lines indicate the field coordinates of the y; (DBTT)-degradation function used for samples
of 22NiMoCr37 material.

These matrix elements of irradiated samples were normalized by the same p matrix elements of
the reference (not irradiated) sample within each types of material. In such a way, these magnetic
parameters reflect directly the modification of the material properties with respect to the reference
sample. These normalized parameters were compared with the independently measured DBTT values.
The DBTT value from destructive Charpy impact tests comes from the temperature value at 41 J impact
energy (T4 ). This curve is made with minimum of 6 to 8 Charpy samples. The optimally chosen MAT
descriptor is on each Charpy sample separately. The results of the evaluation are shown in Figures 4-7
for each material. During the evaluation, the optimal MAT descriptors were determined, as explained
above. In the graphs each point represents a different sample. The same DBTT value belongs to more
than one samples.

The low number and the big scatter of measured points make questionable any rigorous
mathematical fitting, as the main point of fitting is just to “lead the eye”. A linear fit was performed
in each graph, because according to our previous results and literature data this type of correlation
was expected.
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Figure 7. Optimally chosen MAT descriptor of reference and of irradiated 18MND type weld material
as a function of transition temperature, DBTT.

As it is seen in Figures 4-7, a linear or closely linear correlation can be observed in all four types of
materials between MAT descriptor and transition temperature. The best fitting was obtained by linear
fitindicated in the figures together with the value of regression factor, R. These results were expected on
the basis of our previous experience and other literature data, e.g., [12,20,23]. The graphs above show
how the magnetic descriptors are modified by neutron irradiation. This ratio, the normalized MAT
descriptor at the maximum DBTT value is typically 30-40%, with respect to the reference (not irradiated)
samples. This change in magnetic parameters seems to be large enough for a reliable and sensitive
detection of neutron irradiation damage generated in the material.

On the other side, it is evident that the scatter of points is rather large. Each sample was measured
several times after removing and replacing back the sample. Error bars represent the repeatability
of the measurement. As clearly seen, repeated measurements of the same sample resulted in much
less error than the scatter of points (results from different samples) in the above graphs. The samples
were machined from the same material and samples having the same DBTT value were irradiated
by the same neutron fluence, so material properties should be rather close to each other. The large
scatter between different samples can be probably attributed mainly to the different surface conditions,
which existed even after polishing the surface. We tried to polish different samples similarly, but this
light polishing was not enough to homogenize the surface roughness of the different samples.

The main limitation of the method is that it is at least as sensitive to surface condition as to
irradiation damage. But in spite of this fact, by measuring several samples with the same material
degradation having different surface conditions, a reliable calibration curve can be determined,
as presented in the above figures. In future, additional measurements will be performed to reduce the
influence of the surface roughness by inserting a suitable nonmagnetic spacer between the sample
surface and magnetizing yoke. This assumption is based on preliminary observations of the reduced
influence of surface conditions when inserting an appropriate nonmagnetic spacer. In such a way,
the samples’ degradation with different surface roughnesses can be reliably inspected [28,29].

By using the experimental results, an estimation can be done for the transition temperature.
This estimation was made as explained in Figure 8. The linear fitting was used to determine the
estimated DBTT value. This graph is just for the illustration of the method; similar procedure was
performed on all measured points of all materials. First the result of the measurement, e.g., optimally
chosen MAT descriptors vs. transition temperature were illustrated. This graph is identical with
Figure 6, only the MAT descriptors are given not in normalized way. Then a linear fitting was applied.
After it the magnetic values were considered for each sample. (In this graph one of the samples was
chosen to show the procedure. It appears as the red circle, while measured points of other samples are
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represented by black squares. The estimated DBTT value for this sample was calculated as shown in
the figure. It is seen very well that large difference can be between measured and estimated DBTT
values. This difference is caused by the scatter of points.

38
22NiMoCr37
36 . X
Linear fifon measured values

34

32 1

30

28

Estimated DBTT

Optimally chosen, not normalized MAT descriptor

26 T T

T
-40 -20 0 20 40 60
DBTT,., (°C)

419

Figure 8. Optimally chosen, not normalized MAT descriptor of reference and of irradiated 22NiMoCr37
type reactor steel material as a function of transition temperature, DBTT. The procedure of how the
estimated DBBT value was determined is shown on one of the samples (red circle).

By applying the above demonstrated procedure, the correlations between the measured and
estimated values of the transition temperature were determined for all measured samples. It is also
possible to consider these correlations within one graph, regardless of the type of material. This is
shown in Figure 9. A clear, linear or closely linear tendency was observed. It is worthy of mentioning
that this correlation does not depend on the actual material. The slope of the linear fitting is 1.0217
with 0.106 error and the regression is 0.843. In an ideal case, evidently, the slope of correlation between
the measured and estimated values of the parameter should be 1. The experienced 1.0217 slope is
rather close to the expected value, and the regression is also not bad.
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Figure 9. Estimated DBTT values as functions of measured DBTT values for all investigated materials.

It means that the calculated linear correlation can probably be successfully used for estimation
of the transition temperature, even in the case of the not measured samples. Considering the huge
scatter of points the detected linear correlation is surprisingly good. This is the most important
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message of the present work. We are aware that the number of points is low for making really
good statistics, but anyway, as a first attempt, this result is promising. For approval of this result,
many more measurements should be done in the future, and the surface roughness problem should be
handled properly.

The magnetic non-destructive methods do not sense the neutron fluence. Instead, their response is
in correlation with the structure changes of the material caused by the neutron irradiation. According to
the adopted standards, the complex mechanical material properties are characterized by only a few
measureable parameters such as the solidity, which is expressed in terms of ductile-to-brittle transition
temperature value. The shape of the transition temperature function is known, therefore the standard
defines at least seven of its significant points to be measured for the identification. Considering the
Charpy impact test, in fact, approximately fifty individual tests are required for the reliable DBTT
estimation. This indicates significant scattering of the DBTT values. Typically, the scattering of the
DBTT values are determined by the Charpy impact test can reach the +/—20 °C. Due to the nature of the
Charpy impact test method, the DBTT value cannot be determined for a single specimen individually,
but it can be derived for the set of them. However, this cannot lead to the conclusion that they are
identical for all of the specimens of the set due to the material inhomogeneity. Therefore, the scattering
of the nondestructively measured (NDT) data cannot be analyzed on a limited number of specimens,
since it is overlapped with the scattering of the DBTT values. From the application point of view,
the NDT method should not provide the estimates of the DBTT values with infinite precision. Instead,
the required resolution is defined as 50 °C. In order to be able to prove this, a large set of specimens
has to be studied and the overlapping scatterings of the DBTT values and NDT results have to be
separated. This is beyond to the framework of this paper.

5. Conclusions

Destructively measured ductile-brittle transition temperature values were compared with the
nondestructively measured magnetic parameters, measured by minor magnetic hysteresis loops
on different neutron irradiated reactor pressure vessel materials. In spite of the large scatter of
points—which is due to the different surface conditions of the samples—good correlation was found
between these characteristics. Magnetic adaptive testing can be a promising method. This type
of magnetic measurement can also be easily applied for radioactive materials. Another significant
advantage of the method is that it is not necessary to magnetically saturate the samples, which is a
very difficult task in practical measurements.

A clear trend of the magnetic descriptor is observed even when many measurements of specimens
with known fluency are performed, whereas the estimation of the DBTT based on a single measurement
on a sample with unknown fluency will result in a large uncertainty. To measure a set of samples with
the same fluency reduces the uncertainty significantly, which would be possible within a surveillance
program where several specimens with the same fluency can be measured.
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