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A large spectrum of model ferritic steels with a parametric variation of alloying elements was developed
in order to understand the role and influence of Ni, Mn, Si, Cr, and Mo as alloying elements and certain impurities
as Cu and P on the properties of reactor pressure vessel steels during irradiation. In the present paper, we discuss
the results obtained by Magnetic Barkhausen noise measurements (MBN). At a later stage, these data will be
compared with those obtained on model steels irradiated in the High Flux Reactor — Lyra irradiation facility
in Petten/the Netherlands up to neutron fluence of about 2.5× 1019 n/cm2.
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1. Introduction

The model ferritic steels or so-called “RPV model
steels” (reactor pressure vessel model steels) in
the present work are represented by 12 ferritic steels with
a parametric variation of alloying elements. They were
developed at EC — JRC Petten (European Commission
— Joint Research Centre in Petten, the Netherlands) and
their composition was derived from compositions typi-
cal for WWER-1000 (water-cooled water-moderated en-
ergy reactor with 1000 MW electrical power) and PWR
(pressurized water reactors) RPV materials. Whilst
the WWER-1000 steels contain a higher amount of some
specific elements such as Cr, Mo, Ni, and V when com-
pared to typical PWR-materials, the Cu content, con-
sidered as one of the main hardening agents in western
steels, is of similar range. In order to understand the role
and influence of certain alloying elements and impuri-
ties on the behavior of steels during operation of NPP
(nuclear power plant), the set of RPV model steels was
irradiated in the High Flux Reactor — LYRA irradia-
tion facility (Petten, the Netherlands) up to a neutron
fluence of about 2.5 × 1019 n/cm2. The present work
reviews the results of as-cast model steels obtained by
magnetic Barkhausen noise measurements (MBN). This
technique is sensitive to parameters which affect the mag-
netic domain configuration and domain-wall pinning sites
as grain size [1–3], composition [2–6], residual stress [7–9],
and damage [10–13]. In this work, we try to interpret
the results of MBN testing with the aim of identifying
the possible influence of alloying elements on material
properties [14–16].

2. Experimental details

The studied materials include mainly various Cr and
Ni combinations and quite narrow range of Mo and Si
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content (see Table I). The 8 mm thick hot-rolled plates
produced from 12 model ingots were heat treated in order
to obtain the similar bainite-martensite microstructure
for all materials independently on their chemical compo-
sition. The plates undergo different sets of quenching
conditions (water hardening at 900–940 ◦C for 20 min
and tempering at 640–675 ◦C for 10–20 h in air).
Choice of tempering temperature was aimed to provide
approximately the same strength level of each material
(σy = 550±30MPa). The blocks of model steels were cut
into testing samples. The RollScan with microcomputer-
based signal analyzer µSCAN 500C in combination with
a PCI-6111E computer card was used to pick up and to
analyze the Barkhausen signal. The µSCAN 500C sig-
nal analysis is based on digitizing and storing the ana-
log signal derived from patented sensors, which includes
a ferrite pen type sensor where the applied magnetic field
is provided by an external magnetizing tool (see Fig. 1).
For Barkhausen excitation, a sinusoidal exciting mag-
netic field with magnetizing voltage of 10 Vpp was
used. The signal of the pick-up coil was processed by
a 5–500 kHz band pass filter and amplified with a gain
of 20. The applied magnetizing frequency was 10 Hz,
sampling frequency 1 MHz. Set signal input scale was
5 V and magnetizing current input scale was 1 A. More
details on material preparation can be found in [17] and
on previous basic material testing in [18]. For measure-
ments, the standard KLST specimens (from the Ger-
man Kleinstprobe, or miniature Charpy specimens with
dimensions 3 × 4 × 27 mm3) were used. The Root
Means Square (RMS) values were calculated by averag-
ing the results from two measurements from each side of
the notched KLST sample [19].

3. Results and discussion

Table II summarizes the RMS values obtained for
the model steels by MBN measurements while Fig. 2
shows the evaluation of those values as a function of
the concentration of certain elements. In present work,
we concentrated on Ni, Si, Cr, Mn, V, Si, C, and Mo
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TABLE IChemical composition of the produced model steels (in mass %) with Fe bal..

Steels C Si Mn Cr Ni Mo V Cu S P
A 0.11 0.28 0.43 2.22 < 0.02 0.71 0.10 0.09 0.008 0.010
B 0.11 0.26 0.38 2.19 0.99 0.70 0.10 0.10 0.008 0.010
C 0.12 0.24 0.38 2.13 2.00 0.69 0.10 0.10 0.008 0.010
D 0.11 0.23 0.83 2.13 2.00 0.68 0.10 0.09 0.008 0.009
E 0.12 0.33 0.77 2.16 1.02 0.70 0.10 0.10 0.008 0.009
F 0.12 0.33 1.37 2.15 1.02 0.70 0.10 0.10 0.008 0.010
G 0.11 0.32 1.36 2.06 1.99 0.69 0.10 0.10 0.008 0.009
H 0.12 0.51 1.31 2.07 2.00 0.69 0.10 0.10 0.008 0.010
K 0.17 0.35 0.78 0.10 0.58 0.64 – 0.07 0.005 0.009
L 0.18 0.35 0.77 0.08 0.96 0.63 – 0.05 0.005 0.010
M 0.16 0.37 0.74 0.09 1.90 0.61 – 0.05 0.005 0.010
N 0.16 0.33 1.27 0.07 1.97 0.63 – 0.06 0.005 0.010

Fig. 1. RollScan with µSCAN 500C analyzer (left),
and pen-type sensor (right).

content in order to reveal a possible correlation between
the concentration of those elements and presence of pos-
sible pinning sites for domain wall movement. Generally,
the Cr is added to the steel to make it hard and more
corrosion resistant whereas Ni and Mn make it tough.
As in our case, for a steel containing combination of quite
low C and Cr content (< 0.20 wt% C, and < 2.5 wt% Cr),
the hardness obtained is very modest and the creation of
Cr precipitates is also very moderate. The Mn in concen-
trations between l wt% and 5 wt% can produce a vari-
able effect on the properties of the steel, i.e., the tough-
ness may either increase or decrease. The Ni as ele-
ment dissolves in the lattice and support austenitization
of the steels. In both cases, for Ni as well as for Mn,
the concentration of those elements in studied steels is
quite low, so their effects on the resulting properties is
modest. Besides this, the Cr, Si, Mo, W, and Al are also
known as so-called ferrite-forming elements [20]. Fig-
ure 2a shows the evaluation of the RMS values with
Cr content. One can see that low Cr content is com-
bined with low RMS values and vice versa. The lowest
RMS is obtained for sample labelled as F which com-
bines high Mn (1.37 wt%), high Cr (2.15 wt%), average
Ni (1.02 wt%), and high Mo (0.7 wt%) content. The high-
est RMS for combination of average Mn (0.74 wt%), low
Cr (0.09 wt%), high Ni (1.99 wt %), and average Mo
(0.61 wt%) designed also as material M. The role of Cr
in steels is mostly to improve their corrosion resistance,
but this is mostly valid for higher concentration (> 12%).

TABLE II

Obtained RMS values with standard deviation > 10%.

Steels A B C D E F
RMS [V] 8.51 8.36 7.8 7.4 7.64 7.38

Steels G H K L M N
RMS [V] 7.58 7.57 5.99 6.86 7.08 6.65

It is important to emphasize that the WWER and PWR
steels mostly differ by Cr content, which is higher in
the case of WWER steels. When we added Ni content to
the plot, the situation dramatically changed. Figure 2b
shows the evaluation of the RMS with the sum of Ni and
Cr content in the studied model steels. The Ni dissolves
in the crystalline lattice and is known to increase strength
and corrosion resistance but can produce radioactive iso-
topes under neutron irradiation. With the increasing
amount of Ni + Cr wt% the value of RMS parameter
increases. More detailed analysis shows that when Cr
content remains constant with an average value of about
0.08% (samples designed as K, L, M, N), probably only
the decrease of Ni content causes the increase of RMS
parameter for model steels labeled as K and L. Further-
more, it can be seen that a further increase of Ni con-
tent from an average value of 1.01 wt% to 2.00 wt%,
with Cr content slightly decreased to 2.10 wt% (sam-
ples named G, H, D, C), does not have a major impact
on RMS parameter values. In Fig. 2c one can see that
the addition of Mn to the previous plot does not in-
fluence significantly the evaluation of RMS values with
the sum of Cr + Ni + Mn content. The plot of RMS
values versus Mn content is shown in Fig. 2d for compar-
ison. The role of Mn in the steels is its ability to increase
strength at high temperatures. From Fig. 2e, it is ev-
ident that by increasing the sum of Cr, Mo, V, and Si
content (known as ferrite stabilizers), the values of RMS
parameters increase. Figure 2f shows a similar correla-
tion, because the increase of RMS parameter seems to
be caused by increasing of Cr and C contents. Carbon is
the primary hardening element in steels. Figure 2a, 2e,
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Fig. 2. RMS values as function of (a) Cr wt%,
(b) Ni + Cr wt%, (c) Ni + Cr + Mn wt%,
(d) Mn wt%, (e) Cr + Mo + V + Si wt%, and
(f) Cr + C wt% content.

and 2f, show the important role of Cr content on S pa-
rameter evolution. It is necessary to emphasize that be-
sides the chemical composition also the microstructure of
the studied specimens (i.e., grain size and grains bound-
aries influenced by preparation process) can play impor-
tant roles in defect occurrence and concentration, and
can have an influence of resulting correlations.

4. Conclusions

In the present work, the magnetically and microstruc-
turally sensitive technique, Magnetic Barkhausen noise
was used to reveal the microstructural differences of
12 ferritic “model steels” manufactured with a basic com-
position typical to WWER-1000 and particular cases of
PWR reactor pressure vessel materials. The results of
the present study showed certain tendencies for the evolu-
tion of alloying elements as a function of RMS parameter,
i.e., with the increasing amount of Ni + Cr wt% the value
of RMS parameter increases, but only in the case of Cr
content increase. The analyses show that Cr content in
tested model steels mostly plays an important role in
the variation of RMS parameter, which is sensitive to,
besides composition, also to grain size, residual stress,
and damages which can act as pinning sites for domain
walls in studied steels. Presented results are the first
part of the study devoted to the investigation of the role

of certain elements on the radiation stability of the con-
struction materials for nuclear installations. Next step
consists of magnetic Barkhausen noise analyses of neu-
tron irradiated materials and comparison of the obtained
results with present study.
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