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ABSTRACT

A thermally aged low alloy steel weld metal is investigated in terms of its fracture toughness and microstructural evolution and compared to a
reference. The main purpose of the study is to investigate the effects of embrittlement due to thermal ageing on the brittle fracture toughness, and its
effects on the influence of loss of crack tip constraint. The comparison of the investigated materials has been made at temperatures that give the
same median fracture toughness of the high constraint specimens, ensuring comparability of the low constraint specimens. Ageing appears to enable
brittle fracture initiation from grain boundaries besides initiation from second phase particles, making the fracture toughness distribution bimodal.
Consequently, this appears to reduce the facture toughness of the low constraint specimens of the aged material as compared to the reference
material. The microstructure is investigated at the nano scale using atom probe tomography where nanometer sized Ni-Mn-rich clusters, precipitated
during ageing, are found primarily situated on dislocation lines.

1. Introduction

When assessing degradation due to ageing in low alloy steels used as structural materials in pressure vessel components both base
and weld metals must be considered, as for example in reactor pressure vessels in nuclear power plants. In this type of materials in
nuclear applications, ageing mainly occurs by neutron irradiation and thermal ageing, and generally manifests itself as a hardening
effect and an increase in the ductile-to-brittle transition temperature, or in another word, embrittlement. In pressurized water reactors
(PWRs), the pressurizer regulates the system pressure and thereby the temperature within the primary loop such that the water is kept
from boiling. Following the replacement of the pressurizer in Ringhals unit 4 (R4) in 2011, material extraction was carried out in order
to study potential ageing effects on the materials after 28 years of operation. Initial investigations of two of the weldments from the
pressurizer material displayed a noteworthy increase in the transition temperature AT4;; = {78 and 71} C and an increase of the yield
strength AR02 = {128 and 59} MPa, displaying a clear indication of embrittlement due to thermal ageing at the operating temperature
of 345 C (no irradiation present in the pressurizer).

Embrittlement is a key aspect in the structural integrity ageing assessment of any structure. Therefore, understanding the changes
in the fracture toughness and all its features for a material that undergoes embrittlement is necessary. The cleavage fracture toughness
of ferritic steels is strongly dependent on temperature, size and crack tip constraint. Generally, it can be stated that higher temperature
endorses a more ductile behavior, larger specimens or components will be more brittle, and high constraint will produce a lower
fracture toughness than low constraint. To our knowledge, no studies have been published concerning the constraint effect on fracture
toughness after the material has undergone embrittlement and how this relates to the behavior of a reference material.
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The prevailing explanation of embrittlement due to thermal ageing of low alloy steels in nuclear applications is impurity segre-
gation towards prior austenite grain boundaries, e.g. phosphorus, commonly referred to as grain boundary embrittlement. Studies of
thermal ageing include a wide spectra of base and weld metals from reactor types such as the VVER-1000 [1-4], as well as the western
PWRs featuring the typical steels A508 and A533 or its equivalents [5-11]. All studies referenced here, report on intergranular fracture
due to impurity segregation caused by thermal ageing.

In the extensive review of intergranular failure in steels by Briant and Banerji [12], it is noted that some distinguishable phenomena
appear to be related to intergranular failure. One being that segregation of elements from groups IV-VI in the periodic table appears to
yield the most potent grain boundary embrittlement, which is also mentioned by McMahon [13]. These groups include elements such
as Si, Sn, P and S, which are not uncommon impurities or alloying elements in the steels of interest. Another is that a grain size effect
appears to emerge where microstructures with larger grains yields more intergranular fracture than for the case of smaller grains. The
authors of [12] speculate that this could be due to a dilution of the impurity elements due to the difference in grain boundary area in
relation to grain volume, for the case of smaller grains. This implies that a microstructure with smaller grains would result in a larger
degree of dilution of impurities across the grain boundaries and thus less embrittlement, than in a microstructure with larger grains
ceteris paribus. Another notable phenomenon is the effect of co-segregation of elements such as Ni and Mn, which is indicated to yield a
faster and more potent embrittlement [12,14,15]. In a study by Banerji et al. [16] concerning the effects of impurities and hydrogen on
intergranular fracture in a commercial steel, several heats were tempered at different temperatures in the range 50-625 C and then
subjected to Charpy impact testing at room temperature. One of the findings in the study was that the largest decrease of the absorbed
energy appeared after tempering at ~ 350 C with resulting intergranular facets covering the fracture surfaces. Also, a similar grain size
dependency as reported in [12] could be observed, i.e. larger grains yielding more embrittlement at the same conditions.

Grain boundary embrittlement as a result of thermal ageing will act as a non-hardening embrittlement since it, in general, does not
impede dislocation motion, and gives rise to a fracture morphology with a large incidence of grain boundary facets. It also appears to
have several commonalities with the phenomenon called reversible temper embrittlement [12,17]. The hardening effect that is
typically observed in irradiated low alloy steels comes to a large extent from the formation of solute clusters, but also clusters of either
interstitials or vacancies, during irradiation. The hardening effect is due to that the clusters act as obstacles to dislocation motion,
thereby increasing the resistance to plastic flow. In the case of the weldments of most of the Swedish reactor pressure vessels, the
irradiation induced solute clusters consist mainly of Mn, Ni, Si and Cu [18-20]. The formation of similar clusters in a thermally aged
weld metal has also been observed by Lindgren et al. [21]. In that study, solute clusters are noted to have been formed preferentially on
dislocations as observed by atom probe tomography (APT) and is related to the thermally ageing induced hardening of the weld metal.
It should be noted that the weldment investigated in this study and the one investigated by Lindgren et al. were extracted from the
same pressurizer but from different welds. However, both welds were manufactured with the same welding specifications. In other
atom probe studies of thermally aged low alloy steels [22-25], solute clusters of similar composition as the ones in [21] were found,
however these findings were not connected to any changes in mechanical properties.

The weld investigated in this study is a multi-layer weldment, which signifies that the weld is built up by several layers of weld
beads. This gives rise to a complex microstructure where three distinct grain zones will emerge. These zones are:

L. the as-welded zone, consisting of elongated dendritic grains,
II. the once reheated zone, consisting of small equiaxed grains, and
III. the multiple reheated zone, also consisting of small equiaxed grains.

This will give rise to variations in several properties such as local chemistry, fracture toughness and other mechanical properties.
An interesting study of the fracture toughness of multi-layer weldments was made by Viehrig et al. [26].

The main purpose of the testing conducted in this paper is to investigate the effects of thermal ageing on the brittle fracture
toughness, and its effects on the influence of loss of constraint. Since ageing also may lead to weakened grain boundaries, it is also of
interest to investigate to what extent this may contribute to the embrittlement. Thus, the core of this paper is an investigation of the
fracture toughness of an in-service thermally aged weld metal from a Swedish nuclear power plant. This is compared to a reference
material from a replaced reactor pressure vessel head, which has been in operation at a lower temperature than the pressurizer and
where the effects of ageing therefore are considered minor. The study presents the results from an extensive experimental program
where effects of ageing on the constraint sensitivity has been a focal point. Moreover, results from ductile fracture toughness testing,
and tensile as well as hardness testing are presented along with an examination of the materials microstructure on the nano scale.

The outline of the paper is as follows: Section 2 presents the materials used in this study in terms of chemical composition, as-
manufactured mechanical properties, along with the experimental set-up used. Section 3 presents the outcome of the experimental
program including fractography and results from APT.

2. Materials and experiments
2.1. Materials

The thermally aged material investigated in this study has been extracted from the decommissioned and replaced pressurizer of the
Ringhals unit 4 reactor. The pressurizer was manufactured by Uddcomb from plates of low alloy steel of the type A-533 Gr B Cl. 1 The

weld metal comes from the circumferential weldment connecting the lower head to the first cylindrical structure of the pressurizer. The
studied weld was manufactured using submerged-arc welding employing a weld wire with a low Cu — high Mn-Ni content,
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Table 1
Chemical composition of the investigated weld metals from the manufacturing documentation.
Wt. % C Si P S v Cr Mn Co Ni Cu Mo Sn Fe
R4PRZ 0.082 0.20 0.013 0.006 0.004 0.14 1.62 0.008 1.61 0.06 0.45 0.005 Bal.
R3RPVH 0.08 0.22 0.008 0.006 0.000 0.03 1.66 0.019 1.57 0.07 0.49 0.002 Bal.
Table 2
Check-in mechanical properties of the investigated weld metals.
Rp02/MPa T415/C
R4PRZ 579 —53
R3RPVH 575 -59

characteristic for all of the nuclear pressure vessels manufactured by Uddcomb. The measured chemical composition of the welding
wire and flux combination can be found in Table 1. A post weld heat treatment was conducted for residual stress relief at 620 C as part
of the fabrication procedure. The pressurizer was in operation from 1983 to 2011, gathering a total of 215 000 h at an operating
temperature of 345 C. The pressurizer was well insulated during its operation and consequently the temperature gradient through the
thickness can be considered negligible. The results from check-in mechanical testing of the weld metal can be found in Table 2. The
material from the pressurizer will henceforth be denoted as R4PRZ.

A reference material extracted from the replaced reactor pressure vessel head of Ringhals unit 3 was also included in the testing
program for comparison purposes. This material was used in the investigation since there was no archive material available for the
pressurizer. The reference material was chosen to have as similar Cu-Mn-Ni-Si content and check-in mechanical properties as the
thermally aged weldment from the pressurizer as possible from the available material. The reactor pressure vessel head was manu-
factured from forgings of A-508Cl. 2 by Uddcomb and was welded using the same manufacturing specifications as the R4PRZ. The
measured chemical composition of the reference material can be found in Table 1, and the check-in mechanical properties in Table 2.
The reference material was in operation between 1981 and 2005 accumulating 176 000 h at 310-315 C. Preliminary testing (not
presented here) showed that the effects of thermal ageing at this operating temperature were minor in comparison to those of the
pressurizer. The reference material will be denoted as R3RPVH throughout this paper.

2.2. Fracture testing

The fracture toughness testing in the investigation of the constraint effect utilizes SEN(B)-specimens with the same overall di-
mensions but with different crack depth, deep for a state of high constraint and shallow for low constraint, for an illustration see Fig. 1.
Also included in the study is a small, deeply cracked SEN(B)-specimen, serving as a reference. All specimens were extracted as T-S
oriented with dimensions W = {30 and 14} mm, B = {15 and 7} mm, a/W = {0.5 and 0.1}, and were manufactured such that the weld
was centered in the specimen with base metal on each side. All specimens within the same dataset have been taken from the same
depth of the weld metal with the purpose to have as similar weld microstructure in each specimen as possible. Thus, all the specimens
with the same crack depth will have comparable microstructures. The specimens were placed in the weld to avoid the region close to
the surface and the root of the weld. All specimens for investigation of the brittle fracture toughness were manufactured without side-
grooves.

The testing for the brittle fracture toughness was conducted in accordance with ASTM E1921 [27], with the exception that the
standard does not cover testing of specimens containing shallow cracks. The cracks were created using fatigue pre-cracking at room
temperature according to the recommendations in E1921, which resulted in straight crack fronts in all specimens. When pre-cracking
the shallow specimens, the crack length was estimated using a strain measurement technique. Testing was carried out in a computer-
controlled cooling chamber utilizing liquid nitrogen to cool the specimen. The fracture toughness testing was carried out in
displacement control with a loading rate corresponding to 1 MPa,/m/s during the initial elastic region of the test. The fracture
toughness was evaluated from the load line displacement. The J-integral at failure was calculated from the load line displacement
where the plastic #-factor valid for shallow cracks in SEN(B)-specimens was taken from Faleskog et al. [28].

The brittle fracture toughness results were interpreted by means of the master curve standard ASTM E1921 [27]. The ductile-to-
brittle reference temperature T was evaluated according to that standard. The master curve concept is based on a probabilistic
weakest link model for brittle cleavage fracture assuming small-scale yielding conditions and self-similar crack tip fields [29]. The
probability of failure at K. is expressed by

B KJ(‘ - Kmin ¢
Pr=1- - | 1
) exp( B {KFKW] ) &b
where B is the thickness of the specimen (or crack front width), By is a reference thickness which is set to 1 T = 25.4 mm, Ky, is a

threshold fracture toughness, and Ky = K (T) is a temperature dependent reference fracture toughness that is referenced to 10 MPa /m
for a 1 T specimen at Ty. More specifically, Ky is well described by
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Fig. 1. Schematic illustration of a SEN(B)-specimen used in the experiments.

Ko = 31+ 77exp(0.019[T — T,]) MPay/m. 2

For the master curve to give a good description of a materials brittle cleavage fracture toughness, the material itself needs to be
homogeneous. In the case of a large degree of scatter due to material inhomogeneity, ASTM E1921 supplies additional methodology of
To-evaluation so that a conservative estimate of the fracture toughness can be ensured. One example of such a method is the SINTAP-
methodology [30], which now has been included in E1921, where an additional safety factor is included in the evaluation of Ty. Such
methods may be needed in the evaluation of the fracture toughness of weld metals, where the scatter may be larger than that of more
microstructurally homogeneous base metals. Another example is the case where the material displays a bimodal toughness distri-
bution, where the bimodal master curve [31] can be utilized, which is expressed as

4 4
B | K — Knin
—(1=pexp| —— |————— . 3
) (t=pd ”( B K5<T5)—Kmm]> @
The bimodal master curve requires three parameters that needs to be estimated, where TOA and To® correspond to the reference
temperature for each mechanism (mode in the distribution), respectively, and p, is a probability scaling parameter that defines the
contribution of each mechanism.
As the original master curve model is based on self-similar crack tip fields (small-scale yielding, high constraint), it is not capable of

handling the effect of loss of constraint. In order to incorporate the effect of constraint, an empirical correction of T by the T-stress is
proposed by Wallin [32,33], as

B

Pr=1 paexp<Bo

Kje — Kin
K@ (T[I)A) - Kmin

TO — T(}])igh constraint + ATSo“Slwim, where ATgunwaim —A ATslress. (4)
O,
y

Here, the difference in T-stress at the limit load between the predicted geometry and the geometry used to determine TRE" ©osmint

should be used, where TN ©™™™ normally is referred to as Tp, as the standard test method prescribes the use of deeply cracked

specimens that produce a state of high constraint. In (4), the factor A is a yield strength dependent parameter that is empirically found
to be approximately o, /10 MPa/K [32] for oy > 600 MPa and constant equal to 40 C [33] when oy is below 600 MPa. It should be noted
that the constraint correction of the master curve is still only partially developed for more complex geometries [34].

As the main purpose of this study is to investigate the sensitivity of the constraint effect on the fracture toughness of the thermally
aged weld metal from the pressurizer and compare the results with the reference material available, a well-grounded approach is
needed. An objective way to compare the constraint sensitivity of two materials is to choose the testing temperatures such that the
median of the high constraint fracture toughness coincides. The next step is to conduct low constraint testing at the same temperatures,
elucidating potential differences in the constraint effect on the fracture toughness between the two materials.

The testing was therefore conducted in the following steps:

i. Initial test series according to ASTM E1921 to find the reference temperature Ty for the two materials
ii. use Ty to determine temperatures where the high constraint fracture toughness will be the same for the two materials
iii. conduct remaining test series at the chosen temperature, high and low constraint as well as small specimens.

From the test results in step i, Ty was evaluated to determine the testing temperatures to be used in step iii. The testing temperatures
that would yield the same high constraint brittle fracture toughness was chosen to be —50 C for R4PRZ and —90 C for R3RPVH. Both
materials were tested in series of 12 specimens in step iii.

Alongside the tests for the brittle fracture toughness, tests for the ductile fracture toughness were also conducted. These were
carried out at a temperature of 75 C to avoid brittle fracture altogether, i.e. clearly being on the upper shelf. The testing was performed
with SEN(B)-specimens with side-grooves to promote uniform growth across the thickness of the specimens. The specimens for the
ductile testing were extracted from the T-S orientation with dimensions W= 30 mm, B=15mm, By =12mm, and a/W=0.5. The
testing was conducted in accordance with ASTM E1820 [35]. The J-integral was calculated from the crack mouth opening
displacement (CMOD).
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2.3. Tensile and hardness testing

Uniaxial tensile testing was carried out on round bar specimens of both the weld and the base metal. In addition, hardness testing
was performed on the weld metal, before and after heat treatments at 430 ‘C and 600 C, respectively. Note that different samples were
used for the different temperatures. The hardness tests were performed to investigate the recovery of the ageing induced hardening
during heat treatments. Hardness testing according to Vickers with an indentation load of 10 kgf was chosen as the test method. The
specimens used were manufactured into blocks measuring 15 mm x 8 mm x 4 mm. An initial grid of indents was made to map out the
initial hardness of the two materials, R4PRZ and R3RPVH, where the samples displayed a slight variation of hardness across the surface
intended for measurement, as a result of the varying microstructure inherent to the weld. Hardness was also measured across and along
the centerline of the weld in both materials.

2.4. Atom probe tomography

The nanostructure of the material has been investigated by APT, which was performed in a LEAP 3000X HR from Imago Scientific
Instruments. From the results of the study in [21], it was expected that unevenly distributed Ni-Mn-Cu-Si rich clusters would be found.
Due to this, large volumes, for APT, of material were analysed, and thus laser pulsing was used in addition to voltage pulsed analysis.
However, laser pulsing affects the Si position due to surface diffusion [36] and thus both pulsing modes were used. For voltage pulsed
analysis, a temperature of 50 K and pulse fraction of 20 % was used. For laser pulsed analysis, the temperature was 30 K and the laser
energy 0.3 nJ. In both cases the laser pulse frequency was 200 kHz. The sample preparation was done using a standard two-step
electropolishing method [37], finishing with millisecond pulsing to get rid of surface contamination. The reconstructions were
made in the IVAS 3.6 software, using reconstruction parameters k between 4.0 and 5.3, and evaporation field of 33 V/nm in the case of
voltage pulsed analysis and 23 V/nm for laser pulsed analysis. The image compression factor was set to 1.65 for all reconstructions.

The cluster analysis was performed using the maximum separation method (MSM) [38,39], a method that requires a careful choice
of parameters in order to get relevant and comparable results [40,41]. Cluster parameters were chosen by comparing the data set to a
randomised version and aiming to avoid defining random fluctuations in composition as clusters. Solute elements were chosen to be
Cu, Ni, and Mn. The maximum solute atom distance in order for two atoms to be considered being in a cluster, dmax, was set to 0.45 nm,
and the smallest number of solute atoms defining a cluster, Npin, was chosen to 20. Cluster sizes were determined by calculating the
number of solute atoms in the clusters, assuming o-Fe body centred cubic structure and a detection efficiency of the LEAP of 37 %. The
amount of Fe in the cluster is uncertain, since local magnification effects focus Fe atoms into the clusters during field evaporation
[42,43]. Thus, the around 50 % Fe detected in clusters in these APT reconstructions is probably considerably lower in the actual
material. Here, Fe was excluded from the clusters when calculating the size. This might give a slight underestimation if there is any Fe
in the clusters. Cluster compositions were determined using MSM as well. For the number density, clusters on the edge of the analysis
were identified and counted as half a cluster. It should be noted that the terms precipitate and cluster is used interchangeably in this
paper, as the characterisation method (APT) does not give useful crystallographic information of the clusters.

3. Experimental results
3.1. Fracture toughness tests

In the evaluation of the reference temperature Ty, it was observed that the two materials behaved differently, which was due to the
degree of inhomogeneity. The thermally aged R4PRZ displays a larger degree of inhomogeneity and has therefore been evaluated with
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Fig. 2. Fracture toughness of individual specimens belonging to both R3RPVH and R4PRZ against testing temperature, and the predicted tem-
perature dependence from the master curve model. Note that fracture toughness data for all deeply cracked specimens are presented in this figure.
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the more conservative SINTAP-evaluation than that of the reference material R3RPVH, which was evaluated according to the normal
procedure of E1921. The fracture toughness of deeply cracked specimens of both materials are shown as a function of testing tem-
perature in Fig. 2 together with the master curve predictions based on the respective material’s T. It is clear that the thermally aged
R4PRZ is more brittle than R3RPVH, with a difference in Ty, ATy = 45 C. Estimating the T4;; from the Ty of R3RPVH by the empirical
relation supplied in E1921 (T415 = To + 24 C) yields T415 = -54 C, which agrees well with the check-in values for T4 listed in Table 2,
giving justification to using R3RPVH as a (fracture toughness) reference to R4PRZ.

By looking at the ranked probability of the single temperature tests, i.e. the constraint sensitivity tests, it appears that the R4PRZ
displays a bimodal toughness distribution as seen in Fig. 3, while R3RPVH does not, as seen in Fig. 4. The rank probability is here
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Fig. 3. Rank probabilities for the fracture tests of R4PRZ at the test temperature —50 ‘C. (a) Data sets where W =30 mm and a/W = {0.5, 0.1}. (b)
Data set where W=14 mm and a/W=0.5.
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Fig. 4. Rank probabilities for the fracture tests of R3RPVH at the test temperature —90 C. (a) Data sets where W = 30 mm and a/W = {0.5, 0.1}. (b)
Data set where W=14 mm and a/W=0.5.
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computed as the median rank by Benard’s approximation P. , ~ (i — 0.3)/(N + 0.4).

Especially noticeable is that the low constraint R4PRZ specimens (a/W = 0.1) behave very similar to the high constraint R4PRZ
specimens (a/W = 0.5) at rank probability levels below 0.4, where the fracture toughness essentially coincides (Fig. 3). While at higher
levels of rank probability, the low constraint R4PRZ specimens (a/W = 0.1) are subject to ductile crack growth up to 1 mm prior to
brittle failure. Consequently, the scatter in fracture toughness, as expressed by the J-integral, becomes extreme and is found in the
range 9.6 kN/m to 785 kN/m.
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Fig. 5. Rank probabilities for the fracture tests of R4PRZ and R3RPVH for comparison of fracture toughness distribution. (a) Data set where
W=30mm and a/W = 0.5. (b) Data set where W= 30mm and a/W = 0.1. (c) Data set where W= 14 mm and a/W=0.5.
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Fig. 6. Fractography of deeply cracked specimens (a/W=0.5) from the R4PRZ data set. Specimen {(A), (a)} fractured at a low toughness of
Kjc =52 MPa,/m, displays intergranular fracture, note secondary cracks in (a). Specimen {(B), (b)} fractured at a higher toughness of K;c =108
MPay/m, displays transgranular fracture, probable initation point in (b). The marked region in (B) shows where (b) is taken.
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As seen in Fig. 5, the chosen temperatures for the constraint sensitivity tests were appropriate as the resulting fracture toughness
distribution of the high constraint specimens (Fig. 5 a) shows a close similarity for both materials. In Fig. 5 (b), the low constraint
results for both materials are compared, which clearly shows the difference between the thermally aged R4PRZ and the reference
R3RPVH. In Fig. 5 (¢), a comparison of the fracture toughness of the small specimens is shown, which aligns well, once again displaying
the conformity of fracture toughness pertinent to high constraint geometries.

Fractography of the single temperature fracture tests presented in Fig. 3-Fig. 5 reveals that initiation of brittle fracture in the low
toughness specimens from the thermally aged R4PRZ has occurred by grain boundary cracking. Here, the fracture surfaces are

Fig. 7. Fractography of shallowly cracked specimens (a/W=0.1) from the R4PRZ data set. Specimen {(A), (a)} fractured at a low toughness of
K;c =50 MPa,/m, displays intergranular fracture, note secondary cracks in (a). Specimen {(B), (b)} fractured at a higher toughness of K;c =270
MPay/m, displays transgranular fracture, probable initation point in (b). The marked region in (B) shows where (b) is taken.

30 : : : : 1000 : :
(a) (b)
24 /,/,m///z//////////////////////rmm,,,, 1 80 T
| 1/l oo’
“‘f' f/ i:;“ﬂl//” -
ERCI | | ,/ |~ 600! :
o g
= 12 1 400} -
Or Ttest =175 OC? 200 Tlcest =75 OC?
RAPRZ e RAPRZ
—R3RPVH e R3RPVH
% 1 2 3 4 s % 1 2 3
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Fig. 8. Results from ductile fracture toughness testing. (a) Force-CMOD relation. (b) J-Aa relation.
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consistently riddled with intergranular facets in direct connection to the crack front. This with no evidence of brittle fracture initiation
from a second phase particle, as is commonly observed for cleavage fracture in ferritic steels. Observations of the higher toughness
specimens unveil transgranular features and subsequently fracture initiation from second phase particles in tandem with intergranular
features. For instance, low toughness brittle fracture appears to be solely associated with intergranular fracture while at higher levels of
toughness, a mixture of both inter- and transgranular fracture appears to be the underlying cause of brittle fracture. Some examples of
this is shown in Fig. 6 and Fig. 7 where low and high toughness specimens containing deep and shallow cracks are shown. For clarity, a
low magnification image (uppercase) is associated with one of higher magnification (lowercase) per level of fracture toughness shown.

In the reference material R3RPVH, transgranular fracture is dominating the entire specimen population with few exceptions, where
traces of intergranular fracture can be found in low toughness specimens. It should be noted that R3RPVH is not a perfect reference
material, since it has been in operation during a significant number of years, however at a lower temperature and shorter time than
R4PRZ.

The results from the ductile fracture toughness testing is shown in Fig. 8, where both the force-CMOD relation and the Jg-behavior
for the two materials are shown. From these results it can be clearly distinguished that the ductile initiation fracture toughness
Jic = 337 kN/m is the same for both materials while the resistance to crack growth differs such that the thermally aged R4PRZ offers
less resistance to crack growth after approximately 1 mm of growth.

3.2. Tensile and hardness tests

Fig. 9 shows a selection of the tensile tests that were carried out in this investigation. Fig. 9 (a) shows the tensile results at the testing
temperatures pertinent to the constraint sensitivity fracture tests and it can be seen that the yield and ultimate tensile strength are
virtually the same. Fig. 9 (b) displays the tensile results at room temperature, where it can be seen that the thermally aged R4PRZ
appears to be slightly stronger than the reference R3RPVH. The tensile testing indicates that both materials are subjected to some
hardening due to operation as the yield strength from the current investigation is higher than that of the check-in testing, a comparison
is shown in Table 3.

The results from the Vickers hardness tests are shown in Fig. 10, where the hardness measured across and along the weld centerline
in one of the R4PRZ and R3RPVH SEN(B)-specimens used for brittle fracture testing is plotted. It can clearly be seen that the hardness
corresponds well with the results from the tensile tests in Fig. 9 for the two materials. For the hardness tests combined with heat
treatments, annealing at 430 C gave no change in hardness for times up to 50 h. However, annealing at 600 C gave the results shown in

900 ; : ‘ 900 : ‘ .
R3RPVH
800 + Tiest = —90°CH 800 + -
R4PRZ
_ 700 _ 700 T = 95°C
& &
& 600 RAPRZ 1 & 600 R3RPVH 1
@ thst =-50°C § T‘tcst =25°C
& 500 = 500
50 50
£ 400 1 -2 400 -
& &
Eﬂ 300 | '8 300 1
= 5
200 | 1 200 f -
100 + (a) 1 100 t (b) -
0 : ‘ : 0 : : :
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Engineering strain/- Engineering strain/-

Fig. 9. Tensile tests of the weld metal of R4PRZ and R3RPVH. (a) At constraint sensitivity test temperatures. (b) At room temperature.

Table 3

Comparison between check-in yield strength and the results obtained in this investigation.
Ry02/MPa Check-in Current Difference
R4PRZ 579 656 77
R3RPVH 575 637 62
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Fig. 10. Hardness measured on SEN(B)-specimens of R4PRZ and R3RPVH. (a) Shows the hardness across the weld centerline, from base metal to
weld metal into base metal. (b) Shows the hardness along the weld centerline.
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Fig. 11. Hardness of R4PRZ and R3RPVH against heat treatment time. Error bars represent the range in hardness measurement at each annealing.

Fig. 11, where normalized hardness is presented for both materials against annealing time. The error bars represent the range in
hardness from the measurements after annealing. The initial hardness as defined by HV 10, of the specimens used in Fig. 11 can be
represented by 248 and 254, which decreased to 220 and 213 after 25 h of annealing for R4PRZ and R3RPVH, respectively. It should be
noted that a significant variability in hardness exists in the specimens, hence the wide range of the error bars.

3.3. Master curve analysis of single temperature fracture tests

By estimating the parameters of the bimodal master curve relevant to the single temperature fracture tests of R4PRZ, the results in
Fig. 12 are obtained. When the three parameters are estimated for the high constraint specimen in Fig. 12 (a), it appears to give a
consistent prediction of the size effect in Fig. 12 (c). However, there is no ambiguous way in which the bimodal master curve method
can be constraint adjusted to reliably predict the experimental rank probabilities of the low constraint specimen in Fig. 12 (b).
Therefore, the results presented in Fig. 12 (b) correspond to the low constraint specimen without corrections for loss of constraint.
Furthermore, the bimodal master curve prediction in Fig. 12 (b) was based on a new set of parameters that were estimated to fit the
experimental results shown in this graph. Thus, one set of bimodal parameters cannot be used to capture the experimental results of
both the high and low constraint specimens displayed in Fig. 12. It should be noted that the master curve methodology, unimodal and
bimodal, is based on self-similar crack tip fields related to a stationary crack, while the results in Fig. 12 (b) are subject to significant
ductile crack growth prior to brittle failure. This will have an impact on the accuracy of the master curve with regards to parameter
estimation and model predictions around and above the ductile initiation fracture toughness, Jic = 337 kN/m, K;jc = 272 MPa /m.

In Fig. 13, master curve predictions of the probability of failure of the fracture tests of the reference material, R3RPVH are shown.
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Fig. 12. Comparison of predicted failure probabilities (solid lines) from the bimodal master curve with rank probabilities for the experimental
fracture tests pertaining to R4PRZ (symbols). (a) Data set where W = 30 mm and a/W = 0.5. (b) Data set where W =30 mm and a/W = 0.1. (c) Data
set where W =14 mm and a/W = 0.5. Note, no constraint correction using e.g. T-stress has been used, the low constraint data has been used for both
prediction and parameter estimation.
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Fig. 13. Comparison of predicted failure probabilities (solid lines) from the (unimodal) master curve with rank probabilities for the experimental
fracture tests pertaining to R3RPVH (symbols). (a) Data set where W =30 mm and a/W = 0.5 and data set where W =30 mm and a/W=0.1. (b)
Data set where W= 14 mm and a/W = 0.5. Note, Ty has been subject to constraint correction using the T-stress for the low constraint specimens, a/
W=0.1 presented in (a).

Clearly, there is no need to use the bimodal master curve to describe the fracture toughness distribution of the reference material. The

results presented in Fig. 13 (a) corresponding to the low constraint specimens (a/W = 0.1) are successfully constraint corrected using
Eq. (4) where A = ¢,/10 MPa/K.

3.4. Atom probe tomography
Regarding the results from the APT investigation, the measured chemical compositions of the matrix can be seen in Table 4. The
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Table 4
Chemical matrix compositions as measured by APT. The standard deviation between different specimens is given as an estimate of the local variation
in composition. N and S are omitted due to their overlaps with Si and O, respectively, in the APT spectrum.

At. % R4PRZ R3RPVH Wt. % R4PRZ R3RPVH

C 0.03+0.03 0.03+0.01 C 0.01 +£0.01 0.01 +£0.01
Si 0.42+0.09 0.47 +0.04 Si 0.21 £0.05 0.24 +£0.02
P 0.02+£0.01 0.01 +£0.01 P 0.01+£0.01 0.01 +£0.01
\% 0.004 £0.003 0.002 + 0.001 \% 0.004 £0.003 0.002 + 0.001
Cr 0.13+£0.01 0.05+0.01 Cr 0.12+£0.01 0.05+0.01
Mn 1.33+0.15 1.35+0.07 Mn 1.31+0.15 1.33+0.07
Co 0.01 £0.01 0.02+0.01 Co 0.01 £0.01 0.02+0.01
Ni 1.69 +0.58 1.36 +0.08 Ni 1.78 +£0.61 1.43 +0.08
Cu 0.05+0.01 0.05+0.01 Cu 0.06 = 0.01 0.06 +0.01
Mo 0.12+4+0.07 0.19+0.07 Mo 0.21+0.12 0.33+£0.12
Fe Bal. Bal. Fe Bal. Bal.

Ni Mn Cu Cr CN C
100 nm

MoN Vv VN

Fig. 14. APT reconstruction of thermally aged R4PRZ material. Only ions that are not randomly distributed are shown. This analysis was run in
laser pulsed mode.

standard deviation between the different analyses of the same material is given, as APT is a local method and the welded material is
chemically heterogeneous on the macroscopic scale. The average Ni content of the R4PRZ is slightly higher than that of R3RPVH. The
average compositions are generally close to the nominal composition given in in Table 1. The low matrix concentration of C is expected
as it is mainly present in carbides.

In the R4PRZ material, clusters were found using APT, see Fig. 14. The analyzed material was found to be heterogeneous; some of
the smaller analyses did not contain any features whereas some contained many. Solute clusters containing Ni, Mn, Cu, and Si, were
found in the reconstruction seen in Fig. 14. Some of these appear to have nucleated on very small carbonitrides. The carbonitrides
contain V, Cr, Mo and some Mn, and some are found on dislocations, decorated with Mo, C, and Mn. As seen in the figure, not all
carbonitrides contain all elements. The reconstruction in Fig. 14 also contain a boundary layer with Mo, C, some Ni, Si and Mn, and a
few clusters/precipitates, out of which two appear to contain Cu and two do not.

A difficulty when analyzing the clusters and carbonitrides was the overlap in the mass spectrum at 32.5 Da. Both ®>Cu?*" and VN?*

12



M. Bodsen et al. Engineering Fracture Mechanics 262 (2022) 108248

CrN

Fig. 15. Atom probe reconstruction of the thermally aged R4PRZ material. Two precipitates are cut out in boxes of 10 x 10 x 10 nm®, with different
elements shown. The upper V and Cr-rich carbonitride does not contain any Ni or Cu, and only small amounts of Mn. The ions marked VN/Cu are
mainly VN. The lower precipitate contains mainly Ni, and Mn, and some Cu. There is also some V in one part of the precipitate. Most of the Cu/VN
ions are probably Cu. This analysis was run in voltage pulsed mode.
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Fig. 16. The composition profile (a), and the cluster composition cluster by cluster (b), normalized by Fe in R4PRZ. The composition profile is not
normalized in terms of composition, but the radius is. Zero corresponds to the cluster center, and unity to the edge of the cluster. The cluster
composition cluster by cluster is sorted in increasing size.
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1 90°

200 nm

Fig. 17. APT reconstruction of the R3RPVH. Red iso-concentration surfaces correspond to Mo 1.9%, orange to Cu 1%, and brown dots are C atoms.
A few dislocations are visible as well as a boundary layer containing a Mo-rich carbide and a small Cu-rich precipitate. The outline of the analysis is
shown in grey. The reconstruction is turned 90°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

have peaks here in the voltage pulsed analyses. This was handled by using the peak at 31.5 Da to identify Cu®>" atoms, comparing with
the local natural abundance of %>Cu and ®3Cu. An example of this is shown in Fig. 15, where the upper precipitate is a carbonitride and
the peak at 32.5 Da is mainly VN?*. The 32.5Da peak atoms then mainly coincide with the V atoms, whereas there are Cu atoms spread
outside the carbonitride. In the lower cluster, that consists of mainly Ni, Mn, Si and Cu, the 32.5 Da peak is mainly 65Cu?*, and the ions
coincide with the ®Cu?* atoms at 31.5 Da. In laser pulsed runs the field is lower and thus most of the Cu evaporates as 1 + ions [44]. In
this case, the overlap problem is less prominent as VN still evaporates as VN2,

In Fig. 16, the normalized composition profile and the individual cluster compositions of one analysis are shown. The clusters
contain mainly Ni and Mn, and smaller amounts of Cu and Si. It was found that the cluster Cu content varied between the different
analyses, and that the example in Fig. 16 is low in Cu. The clusters have similar composition within the same analysis. Many of the
clusters contain some V or Cr. The average diameter of the Ni-Mn-rich clusters was also varying between the analyses, but the average
was found to be 2.1 & 0.3 nm, and the number density 1.3 + 0.5 - 10?2 /m5.

The reference material from the RPVH of Ringhals R3, R3RPVH, was also analysed using APT. One reconstruction can be found in
Fig. 17. In general, this material contained a lower density of small carbonitrides than the pressurizer. Still, some were found, and also
Mo and C enriched dislocations, and boundaries. In Fig. 17 a Mo-rich carbide is sitting on a boundary.

Interestingly, occasional clusters containing Cu, Ni, and Mn were found in the R3RPVH material. In Fig. 17, one is present on the
boundary layer. In other reconstructions, a few clusters were found on dislocations. The number density of the precipitates was very
low, and they were not homogeneously distributed.

4. Discussion

The in-service thermal ageing of the pressurizer weld metal from Ringhals unit 4 appears to manifest through both hardening and
non-hardening embrittlement mechanisms. That is, both by an increase in yield strength and by a weakening of the grain boundaries of
the material. The effects of the embrittlement due to thermal ageing are profound in that they both give a significant change in the
reference temperature T and affects the fracture toughness distribution. As seen in Figs. 3-5 the comparison between the fracture
toughness distributions of R4PRZ and R3RPVH reveals that there are some apparent differences at conditions that should be equal in
terms of the high constraint fracture toughness. The most notable difference being that the low constraint specimens of R4PRZ shows a
very wide range in the test data, where the most brittle specimens display fracture initiation through intergranular fracture and the
tougher specimens appear to experience brittle fracture initiation from both grain boundaries and second phase particles, where the
latter appears to bring out transgranular fracture features.

The toughness distribution of the R4PRZ appears to be bimodal where the bimodality has its origin in the multiple initiation
mechanisms. This indicates that failure initiated from a grain boundary is weaker than that of failure initiated from a second phase
particle in this material. The upper part of the distribution for the R4PRZ appears to be tougher than that of R3RPVH, which is likely an
effect of ductile crack growth that occurs prior to the final brittle fracture. It is also important to note that the ductile crack growth that
occurs prior to the final brittle failure will further pronounce the bimodality of the fracture toughness distribution. However, it is of the
opinion of the authors that ductile crack growth alone cannot produce the effect that is seen in the fracture toughness results of the
aged material. Clearly, it is the effect of multiple mechanisms acting to initiate brittle fracture that causes the bimodal fracture
toughness distribution that acts concurrently with a ductile crack growth process.

For describing the toughness distribution of the thermally aged R4PRZ, the bimodal master curve is required and appears to be able
to describe the material well under conditions of high constraint. The reference material R3RPVH is well described by the standard
master curve, i.e. the unimodal model. However, the transition between the high and low constraint geometries is not trivial. For the
case of R3RPVH, the correction of Ty for the low constraint a/W = 0.1 appears to work well using Wallin’s empirical relation [32]. But,
a constraint correction for the bimodal master curve that ideally should be used to describe the R4PRZ is currently ambiguous due to
the complex interactions of the initiation mechanisms and the number of parameters included in the model. A weakest link model
capable of describing two brittle initiation mechanisms as well as predicting the size and constraint effect in a satisfactory manner has
been proposed in Bodsen et al. [45].
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Separating the effects from hardening and non-hardening contributions to the change in fracture toughness is not straight-forward.
From the fractography of the thermally aged R4PRZ, the effects of non-hardening embrittlement can be distinguished from the
presence of intergranular features. The hardening contribution was elucidated by the combination of hardness tests and heat treat-
ments. From the measurements presented in Fig. 11, the hardness in both materials can be seen to decrease by 12-18 %, which is
similar to the difference between the yield strengths obtained in the current investigation and the check-in data. It should also be noted
that the decrease in hardness is to a level judged to be relevant to the as-manufactured hardness of the weld. This implies that there is a
hardening effect present in both the R4PRZ and the R3RPVH materials, i.e. hardening due to thermal ageing at the operating
temperatures.

Concerning the ductile fracture tests presented in Fig. 8, the fracture toughness plotted against crack growth aligns well for crack
growth up to ~ 1 mm, thereafter it deviates so that the R4PRZ has less resistance than R3RPVH. This is accompanied with a change in
fracture surface appearance where the morphology changes notably. A possible explanation would be that the crack grows into a
different part of the microstructure, which presents different requisites for void growth and coalescence, the main operating mech-
anism for ductile crack growth in these materials. As an example, if the crack starts growing in a zone with a reheated microstructure
(small equiaxed grains), it is likely that the ductile fracture resistance will change once the crack grows into an as-welded zone
(elongated dendritic grains), or vice versa.

The obvious material to compare the APT-results of the R4PRZ material with is the pressurizer weld analysed by APT in [21] and
[46]. This weld comes from the very same component, but a different weld that is slightly different in terms of composition. The
clusters containing Cu, Ni, Mn, and Si are relatively similar in appearance. The Cu content is higher in the clusters reported in [21] and
[46], but the measured Cu content is also higher in that weld (0.10 at. % compared to the 0.05 at. % in the weld in this paper). The
lower Cu content makes the core—shell structure (Cu-rich core) less prominent in the clusters here. The cluster size and number density
of the two studies of pressurizer welds are within the estimated errors considering the heterogeneous distribution.

As mentioned earlier, the terms cluster and precipitate are used interchangeably in this paper, as APT does not provide enough
crystallographic information to reveal the crystal structure of these small clusters/precipitates. Generally, bcc Cu-clusters in a-Fe are
believed to transform into 9R precipitates when they have a diameter of at least around 4 nm, and into fcc at larger sizes [47,48]. Here,
the Ni and Mn content of the clusters is high, and thus the question is what type of precipitate is formed, and at which diameter.

The most significant difference from the other weld of the same pressurizer is the amount of small carbonitrides. In the other
material, occasional V and Cr-containing carbonitrides were found. They were also found in the reference material used in that paper
and in the Ringhals RPV weld metal [20]. It is assumed that the carbonitrides are present before ageing and are thus not affecting the
shift of mechanical properties in a direct way. They appear to act as nucleation point for the Ni-Mn-rich clusters, as many of them are
found in connection to each other (see Figs. 14-16). The higher number of carbonitrides does, however, not seem to give a significant
increase in the number of Ni-Mn-Si-Cu clusters as the number density of 1.3 10?2 /m® here is close and within the uncertainty of the 1.6
1022 /m® measured in [21]. Also, there are carbonitrides where Cu, Ni, Mn and Si have not precipitated/clustered, see Figs. 14 and 15.

The fact that Ni-Mn-Cu-Si clusters could be found in the R3RPVH material that was used as reference material is interesting. Such
clusters were not found in similar un-aged reference materials used by the authors in similar high Ni and Mn, low Cu weld metals
[21,20]. Despite the diffusion of these elements in a-Fe being very slow at the relevant temperature (310-315 °C), some clustering still
seems to be possible, although to a very limited degree.

5. Conclusions

The effects of embrittlement due to thermal ageing on the weldments from a pressurizer of a Swedish nuclear power plant, more
specifically the effect of ageing on the constraint sensitivity of the fracture toughness has been investigated and compared to a
reference material. Testing revealed a AT, = 45 ' C between the materials, indicating a significant embrittlement. The thermally aged
material displays a bimodal fracture toughness distribution, which is pronounced at low constraint, and is due to brittle fracture being
initiated from weakened grain boundaries as well as second phase particles. To describe the fracture toughness distribution, the
bimodal master curve is needed and no constraint correction for the low constraint specimens can unambiguously be made. The
reference material is well described by the unimodal master curve and the constraint effect is well predicted within the same
framework.

The nanostructure of both materials is characterized using atom probe tomography. In-homogeneously distributed solute clusters
of Ni-Mn-Cu-Si situated on dislocations and on carbonitrides, which are also present within the material, were observed.

A hardening due to thermal ageing is apparent in both the studied materials. It is investigated using uniaxial tensile tests as well as
hardness tests in combination with heat treatments. After annealing at 600 ‘C for 25 h it appears that the ageing induced hardening is
restored, most likely due to dissolution of solute clusters formed due to thermal ageing.
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