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Abstract

A model based on key embrittlement mechanisms is proposed for the analysis. The advantages of such semi-mech-
anistic model, when compared to non-mechanistic models, is that it allows improved fitting of data and permits the
visualization of the relative contribution to embrittlement of the various damage components. Data from a set of model
alloys with parametric variation of the Cu, P and Ni contents, irradiated in the High Flux Reactor Petten (The Neth-
erlands) and Kola Nuclear Power Plant (Russia), have been thoroughly analysed. The low Ni model alloys results are
studied in detail showing the semi-mechanistic model capabilities and their potential for application to commercial
steels and welds; in particular for those used in Russian pressure water reactor (VVER). The additional effect of Ni
and its influence in the model are also presented in this article.

© 2004 Elsevier B.V. All rights reserved.

1. Key embrittlement mechanisms

General agreement exists on three basic mechanisms
contributing to primary radiation embrittlement (occur-
ring before vessel annealing) for of steels and welds: ma-
trix damage, irradiation induced precipitation and
elements segregation. In spite of this fact the models
for analysis of radiation embrittlement are mainly based
on statistical correlation of large sets of data. The key
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embrittlement mechanisms taking place during irradia-
tion of reactor pressure vessel (RPV) steels and welds
[1] that are considered in this paper are summarized in
Table 1.

As neutrons interact with the crystalline structure of
the steel, the ferrite matrix is directly damaged. In a
given material, temperature and stress state matrix dam-
age can be assumed to be simply dependent on fluence.
At higher irradiation temperatures, the rate of damage
is considered to be decreasing due to increased mobility
of atoms. During matrix damage formation, copper to-
gether with other elements is known to lead precipitation
of nano-precipitates also inducing matrix hardening and
embrittlement. This precipitation effect is expected to
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Table 1
Embrittlement mechanisms considered

Embrittlement mechanism Remarks

Matrix damage Due to formation of vacancies,
interstitials, dislocation loops, etc.
Precipitation hardening Cu is the leading element
the matrix
Segregation P is a recognized

segregating element

saturate due to the progressive reduction of available
precipitable elements in solid solution. Such effect is re-
lated in particular with the copper concentration. In
addition, other elements, like P, can segregate inside
the grains (i.e. at dislocation planes), interacting with
matrix defects (i.e. vacancies, interstitials, dislocation
loops) or may be attracted to the Cu-type precipitates.
Phosphorus also migrates to grain boundary through
diffusion processes.

In the following, the analytical embrittlement model
based on the above-mentioned key mechanisms is
reviewed.

2. Semi-mechanistic model

The contribution of the various mechanisms to
embrittlement expressed in terms of ductile-to-brittle
transition temperature shift (DBTTgy;) is considered
to be additive. Matrix damage contribution, assumed
to have a square root dependence on fluence, is then de-
scribed as follows:

DBTTshift matrix — @ ° (Dnv (1)

where DBT T it matrix 18 the transition-temperature shift
component due to matrix damage, ® is the neutron flu-
ence (10" necm™2), ¢ is a model fitting parameter and » is
the exponent (normally 1/2). The parametera is constant
for a given material and decreases with increasing irradi-
ation temperature.

In addition to matrix damage during the primary
embrittlement, copper is known to lead the precipita-
tion mechanism of nano-precipitates also inducing ma-
trix hardening and embrittlement. Such precipitation
mechanism continues until saturation depending on
the available copper amount [2]. The contribution to
the total transition-temperature shift can be described
as

— B/,
DBT T Cu precipitation — b- [1 —¢ /9 'L (2)
where DBT T cu precipitation 18 the transition tempera-

ture shift component due to Cu precipitation, b is a
model fitting parameter representing the maximum satu-

ration value of the shift due to precipitation, @ is the
neutron fluence (10'necm™2) and @y, is a model fitting
parameter describing the start of saturation in DBT Ty
(in practice, it is the fluence at which 66% of the asymp-
totic value of DBT Ty is reached).

Other segregates, mainly phosphorus, can be formed
afterwards both interacting with already formed matrix
defects and attracted into the Cu precipitates [3]. Diffu-
sion of segregates plays also a role. A simple model to
describe generally this additional contribution to
DBTTgpiee is proposed based on a ‘hyperbolic tangent’
shape function. In this way the small increase rate of
DBTT,y;; with the fluence at beginning of the process
and the subsequent gradual rise approaching saturation
are described by

O — (Ds art
DBTTshiftPsegregation =cC- |:05 +0.5-tanh (—H):| ’

d
3)

where DBT T ghig p segregation 1S the transition-temperature
shift component due to P segregation, c is a model fitting
parameter representing the saturation value of the shift
due to segregation, ® is the neutron fluence
(1018ncm72), D¢ 1s @ model parameter, representing
the fluence at which segregation starts, and d is a model
parameter representing the velocity of rising of
DBTT,y;r; until the saturation value is reached.

Based on the above-mentioned partial effects, the
total effect in term of transition temperature shift is

DBTTgn =a- "+ b-[1 — e ¥

+ec- {0.5 +0.5 - tanh (Wﬂ . @)

An example of primary radiation embrittlement calcu-
lated with the proposed model is given in Fig. 1.

A maximum of six parameters are required in total
for the proposed model: a, b, ®gy, ¢, Dgare, d. Some
parameters are of secondary importance (Dgu, Dgare
and d) and can be derived or fixed depending on the
general behaviour of the data set to be analysed. The
most important parameters are @, b, and c¢. Parameter
b depends mainly on the Cu content and ¢ on the P con-
tent. The relative contribution of the various damage
components can be also visualized in Fig. 1. The pro-
posed model is suited in particular for analysing data
sets not really showing a simple power-type function,
as it is the case in some real surveillance data sets.

3. Model applied to data from model alloys

The proposed model is tested on available data of
model alloys. Model alloys have concentration varia-
tions of Cu, P and Ni and are particularly of interest
for embrittlement studies. A set of model alloys have
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Fig. 1. Schematic of primary radiation embrittlement calculated with the proposed model.

been irradiated in the High Flux Reactor (HFR) Petten
(The Netherlands) [4] and tested afterwards. The mate-
rial composition, the full description of the irradiation
campaign and the obtained results are given in [5].
Such model alloys already demonstrated to be a good
qualitative representation of the materials used in Rus-
sian reactors VVER-440 [6] even if they may differ quan-
titatively in terms of higher response to radiation at
relatively lower fluence. A second set of model alloys
has been irradiated in Kola Nuclear Power Plant (Rus-
sia) at higher fluences, the data became recently
available.

Both irradiations were carried out at 270 °C. The ob-
tained accumulated fluences in the HFR and Kola NPP
were ~6.9 x 10" necm™2 and ~65x 10"¥ncm 2, respec-
tively. The DBTT shifts obtained at the HFR ranged
from few degrees for very clean alloys up to more than
250°C for alloys with very high combined contents of
Cu and P. For the Ni-free alloys (x0.004 wt%), the shifts
obtained in Kola NPP were just slightly larger, in spite
of the much higher fluence, than those obtained at
HFR. For the alloys with higher Ni content (ranging
from 1.2 to 2wt%) much larger shifts were obtained in
Kola NPP.

The semi-mechanistic model proposed in Eq. (4) was
tested at first instance and parameters were fitted using
the data from the model alloys with low Ni content,
22 data sets in total. Then the data from high Ni model
alloys, 14 sets, have been added.

Taking the Ni-free sets, first the data on alloys with
low P contents (<0.012wt%) have been analysed in order
to discriminate the effect of Cu and related parameters;
see for example Fig. 2. Subsequently, the additional ef-
fect of phosphorus has been analysed considering the al-
loys containing P at different Cu levels. The segregation
parameters have been obtained by fitting the data, see
Fig. 3.
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Fig. 2. Model fitting on P free alloys.
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Fig. 3. Model fitting on P rich alloys; additional effect of P.
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The proposed model can be optimised to fit the com-
plete data results of Ni-free alloys at both fluences. As
expected the model parameters for precipitation and seg-
regation are respectively directly related to the Cu and P
contents. The observed relationships are linear
(h=180-Cu; ¢=2857-P, Cu and P in wt%) as it is
shown in Fig. 4, which reinforces the confidence in the
validity of the proposed model.

The overall capability of the model to predict the
behaviour of the eleven model alloys with low nickel
at the two fluences is summarised in Fig. 5. The standard
error of the estimated DBTTgy;values is 22.7°C. The
standard deviation of the residual values, see Fig. 6,
amounts to 21.6°C for this model.

The fitting could be further improved by enhancing
regression with weighting factors for the few data points
with larger uncertainties than others, but for the scope
of this work the results are more than satisfactory and
real improvement will be obtained by producing new
sets of data at lower fluences, below the actual value
of the HFR fluence.
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Fig. 5. Model prediction versus measured DBTT shifts (all
alloys, two fluences).
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Fig. 6. Analysis of residuals for Ni-free alloys.

4. Ni effect and related modelling

The high nickel data show in comparison to the low-
Ni case larger DBTT shifts and higher rates of increase;
as shown for example in Fig. 7 in which model alloys
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Fig. 7. Comparison of the fluence dependence of DBTT in
alloys with different Ni contents.
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with the same level of Cu and P but different Ni contents
are compared.

In order to reproduce the observed data with the
semi-mechanistic model presented in Eq. (4), we need
to make the hypothesis that Ni influences one or more
coefficients of the equations. Nickel could increase the
matrix damage coefficient for example; in fact the struc-
ture of the material is changing by adding Ni so that the
material may have different response to the matrix dam-
age rate. Nickel has an influence on the precipitation
and segregation coefficients enhancing the size of the
DBTT shift attributed to such effects. Finally Ni could
have an influence on the fluence at which saturation of
the precipitation process begins.

In order to explain the available data sets at low and
high Ni, we have to assume from the first evaluation,
that Ni increases the matrix damage coefficient and
strongly enhances the precipitation parameter (syner-
gism with copper). Due to the fact that only two fluence
values are available, the dependences of the saturation
parameters (e.g. ®g,) on Ni are not clearly defined,
and for this analysis such parameters are in fact consid-
ered fixed constants. Based on this, a simple linear
dependence of the matrix damage parameter (a in Eq.
(4)) on Ni content is chosen, whereas a power law
dependence of the precipitation parameter (b in Eq.
(4)) on Ni content is assumed:

a=3-(Ni+7.5) for Ni > 0.1wt%, (5)

b =180 Cu- Ni** for Ni > 1 wt%, (6)

where Cu and Ni are the concentrations in wt%.

With these assumptions it is possible to model the
high-nickel data (14 sets) using Eq. (4). As shown in
Fig. 8, a rather good fit also to the high-Ni model alloys
data is obtained, with an R? for the DBT Ty model of
0.9. Taking into account the Ni contribution the stand-
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Fig. 8. Model prediction versus measured DBTT shifts;
including high Ni data.
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Fig. 9. Analysis of residuals for the model including Ni
contribution.

ard error of estimate is 28 °C for the model proposed in
Eq. (4). The standard deviation of the residual values is
27.9°C in this case. The analysis of residuals when
applying Eq. (4) to all model alloy data (36 data) is
shown in Fig. 9, using a scatter band of *2¢.
Segregation should also be influenced by nickel, how-
ever, in order to determine the Ni effect on the segrega-
tion parameter c in Eq. (4), further studies are required.

5. Discussion

Based on these key mechanisms, an embrittlement
model is suggested and described in Eq. (4). This pro-
posed semi-mechanistic model allows improved fitting
of data, permits the visualization of the relative con-
tribution of the various damage components enabling
better verification of the hypothesis on the relative
importance of the mechanism in the different embrittle-
ment phases, and it is suited in particular for analysing
data sets which do not really show a power-type
function.

The results demonstrate the following:

1. The presence of nickel always shows a clear negative
influence on increasing DBTT shifts, supporting
embrittlement models where Ni enhances the damage
due to P and Cu (synergism).

2. Higher nickel content induces faster increase with flu-
ence of the ductile-to-brittle transition temperature
shift.

The necessity and the advantage of including nickel
into the semi-mechanistic modelling of the DBT Ty,
as a factor enhancing both the matrix damage term
and the effects of precipitations, are clearly shown in
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Fig. 10. Comparison of residuals by fitting models with the Ni
contribution and without Ni contribution.

Fig. 10. In fact, if Ni would not be included for the high-
er nickel alloys (filled square symbols in Fig. 10) large
underestimation of the DBTT shift (up to 200 °C diver-
gence, which is almost 10 times the standard error) could
be made in calculating the larger DBTT shifts. Hence,
not taking into account the nickel contribution in the
model will lead to a non-conservative prediction of the
DBTT shift.

Furthermore, the hypothesis on the peculiar behav-
iour of re-embrittlement of high phosphorus materials,
like some VVER-440 high P welds, has been better ana-
lysed in Ref. [7] using our semi-mechanistic model. What
in fact is observed in the mentioned welds [8,9] is the
embrittlement kinetics after vessel annealing which is
different from the primary embrittlement (before anneal-
ing) kinetics: the embrittlement seems to start with a cer-
tain delay and increases rapidly afterwards; mainly the
transition-temperature shift is strongly correlated with

the P content and not with the Cu content. Such behav-
iour is supported by microstructural investigations indi-
cating that phosphorus massively re-solutes during
annealing and is almost fully available for the re-embrit-
tlement (some will not re-solute and a fraction might
reach grain boundaries). Copper, which does not re-sol-
ute in the same way, would therefore contribute margin-
ally to re-embrittlement [10]. Using the semi-mechanistic
model it is possible to predict the difference of re-embrit-
tlement in comparison with primary embrittlement sim-
ply by suppressing the Cu term during re-embrittlement
after annealing. The behaviour obtained reproduces
qualitatively well the behaviour shown by high P welds
of VVER-440, see Fig. 11.

6. Conclusion

An analytical model based on the three key mecha-
nisms involved in radiation embrittlement has been
tested on a large set of data on both Ni-free and Ni-con-
taining model alloys, irradiated at two different fluences
in the HFR Petten and in Kola NPP.

The model parameters for the precipitation and seg-
regation terms in Ni-free alloys are linearly related with
the Cu and P contents, respectively.

In order to reproduce the higher shifts of DBTT and
their rate of increase with the accumulated fluence ob-
served in Ni alloys, it is assumed that Ni amplifies the
parameters controlling embrittlement by damage in the
matrix and by precipitation. On the one hand a linear
dependence on Ni for the matrix damage term is found,
on the other hand the synergism of Ni with Cu is made
possible by including a dependence on Ni in the form of
Ni®® for contents above 1wt% in the precipitation
parameter.
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Fig. 11. Schematic of primary radiation embrittlement and re-embrittlement calculated with proposed model.
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