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Abstract  

Understanding the formation of the embrittling Mn-Ni-Si (MNS)-rich clusters in reactor pressure 

vessel (RPV) steels is of economic, environmental, and safety importance. Hence we investigated 

the influence of phosphorous (P) on the formation of MNS-rich clusters in RPV model steels 

employing atom probe tomography and nanoindentation tests. The atom probe tomography results 

show that the average number density and volume fraction of clusters decrease slightly with an 

increase in the bulk P content; however, higher bulk P led to a slight increase in the average 

diameter of the clusters. A higher amount of bulk P led to higher Cu in the clusters; suggesting 

synergy between Cu and P. An increase in the irradiation hardening values was observed due to 

higher bulk P content. This is attributed to the stabilisation of the self-interstitial atoms (SIA) 

clusters by P. A higher recovery for the sample containing higher bulk P indicated that the SIA 

clusters dissolved after post-irradiation annealing.   

Keywords Reactor pressure vessel steels; Irradiation effect; Atom probe tomography; Solute 

clustering; Hardening  
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1. Introduction 

Nuclear power plants (NPPs) can help us achieve the ever-increasing electricity demand 

sustainably and cleanly. The reactor pressure vessel (RPV), which is an integral and irreplaceable 

part of NPP, suffers embrittlement due to neutron irradiation during service [1]. This limits the 

lifetime of the NPP. This also raises concerns over safety during core-damaging situations, such as 

pressurised thermal shock generated during an emergency core cooling [1]. Hence, a better 

understanding of this embrittlement behaviour is of economic, environmental, and safety 

importance. 

The embrittlement of RPV steels can result from the formation of solute clusters, precipitates, 

matrix damage, and segregation of elements to dislocations and grain boundaries under neutron 

irradiation [2–4]. Cu was very early on recognised as the dominant element for embrittlement due 

to the formation of Cu-rich precipitates [5–9]. Therefore, the amount of residual Cu was reduced 

(< 0.1 wt %) for the next-generation RPV steels. However, in the 1990s, Pareige et al. [10], through 

their atom probe and field ion microscopy study, reported the formation of Mn-Ni-Si (MNS)-rich 

nanosized clusters at higher neutron fluence; leading to the embrittlement of low-Cu RPV steels. 

Since then, there have been many studies [8,9,11–20] that have reported the formation of MNS-

rich clusters/precipitates and their impact on embrittlement. 

These MNS-rich clusters also contain residual elements – Cu and P [17,18]. There are many 

studies [1,21–23] dedicated to understanding the role of Mn, Ni, and Si on the formation of MNS-

rich clusters. However, the role of P is not yet clear. Lee et al. [24] reported that Ni does not have 

an exclusive influence on hardening-embrittlement if P levels are strictly controlled in RPV steels. 

Hence, it becomes important to understand if P plays any role in the formation of MNS-rich 

clusters. Most of the studies [25–29] dedicated to understanding the role of P on RPV embrittlement 



3 

 

are centered around understanding the effect of segregation of P on grain boundaries. The 

embrittlement due to intergranular segregation of P is called non-hardening embrittlement as it 

does not lead to hardening; unlike in the case of MNS-rich cluster formation. However, Röder et 

al. [30], through their nanoindentation study, recently concluded that P does have an impact on the 

hardening behaviour of RPV steels. They concluded that the hardening was due to the stabilisation 

of the cascade remnants by P segregation. These stabilised cascade remnants are the self-interstitial 

atoms (SIA) clusters that serve as the sinks for the migrating point defects and ultimately act as the 

nucleation sites for the formation of MNS-rich clusters [31]. Bergner et al. [32], through their 

small-angle neutron scattering (SANS) and tensile test studies, also reported that a higher amount 

of P leads to a higher increase in yield stress after irradiation. However, these studies did not report 

detailed microstructural information, and all the quantified information from the SANS data was 

on a normalised scale. Information such as cluster compositions and the absolute values for cluster 

quantifications are missing – which are important for modifying the ductile-to-brittle transition 

temperature prediction models [33]. Gómez-Ferrer et al. [34] also reported that P atoms have a 

strong clustering tendency in ferritic/martensitic steel; due to their fast diffusing nature. Therefore, 

there is a need to explore the microstructural changes happening in RPV steels under irradiation 

due to the presence of different bulk P content.  

Atom probe tomography (APT) is one such technique that can provide structural and 

compositional information at the nano level [35–38]. The availability of such data will not only be 

useful for designing the materials for next-generation nuclear reactors but will also be useful in 

determining the long-term operation of the already existing NPPs – which is one of the current 

requirements for sustaining nuclear power as a source of carbon-free energy [39].   
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Hence we have investigated the role of P on the ion-irradiation behaviour of the RPV model 

steels. Ion irradiation was used here to understand the behaviour of P on solute clustering and 

radiation hardening, and how P interacts with small defect clusters. Direct extrapolation of the 

observed microstructural evolution to neutron irradiation at the same dose should be considered 

with caution. The irradiated samples were also annealed to study the influence of P on the stability 

of SIA clusters. APT was used to collect detailed microstructural information. The obtained 

microstructural data were correlated with the nanoindentation data; to understand the influence of 

P on the hardening behaviour of RPV model steels. 

2. Materials and methods 

2.1. Materials 

Two Japanese commercial-grade RPV model steels, namely JPB and JPC, were studied in this 

work. These steels were manufactured by Nippon Steels Corporation, Japan. Both unirradiated and 

irradiated conditions were explored for comparison purposes. The steels were in plate form and 

underwent the same final heat treatment: normalisation at 800 °C for 1 h with air cooling, followed 

by tempering at 670 °C for 80 min with subsequent air cooling. The nominal chemical compositions 

(in at %) of these steels are presented in Table 1. These are low-Cu steels that differ only in their P 

content. Mechanically polished (down to 1 µm diamond suspension) samples of size 10 mm × 10 

mm × 1 mm were used in this work.  

Table 1. Nominal chemical compositions (in at %) of RPV model steels that were used in this work.  

Code C Mn Si Cr Ni Mo V P Cu Fe 

JPB 0.92 1.43 0.51 0.16 0.78 0.31 0.01 0.030 0.009 Bal 

JPC 0.83 1.46 0.53 0.16 0.77 0.31 0.01 0.013 0.009 Bal 
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2.2. Ion irradiation and post-irradiation annealing 

The polished samples were ion-irradiated at the Ion Beam Center in Helmholtz-Zentrum 

Dresden-Rossendorf, Dresden, Germany. The samples were irradiated at 300 °C with Fe2+ ions 

having 5 MeV energy; yielding damage of 0.1 dpa at the depth of 500 nm. The irradiation was 

performed by scanning a focused ion beam normal to the polished surface. The flux was kept at 

1011 cm–2.s–1 (with x and y scanning frequencies of about 1 kHz). The beam current, irradiation 

time, and exposure for irradiation were 100–120 nA, 1 h, and 2.66 × 1014 cm–2, respectively. The 

fluence was calculated using the SRIM code [40] as per the procedure given in the reference [41] 

for quick damage calculation. The displacement energy for a pure Fe target was taken as 40 eV; as 

per ASTM standard E521. The damage and the implantation profiles can be seen in Fig. 1 (a). More 

details on the ion irradiation process can be seen in the reference [30]. 

To study the stability of the irradiation-induced SIA clusters and how it is influenced by P 

content, the irradiated samples, for both the model steels, were annealed in a tube furnace under 

vacuum. The post-irradiation annealing (PIA) treatments were performed in a pre-heated furnace 

maintained at 350 °C for the ageing period of 5 h. This was followed by air cooling to room 

temperature. The PIA was performed at 350 °C to avoid the dissolution of MNS-rich clusters during 

PIA. According to Wells et al. [42] the MNS-rich clusters remain stable even when annealed for a 

week at 350 °C – 375 °C; therefore, this temperature was chosen. The main idea here was to find 

the origin of the high hardening of P-rich steel (section 3.5). The unirradiated, irradiated, and post-

irradiation-annealed samples will hereafter be labelled as per Table 2. 
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Table 2. The sample nomenclature for this work. 

Sample ID Condition 

JPB_Unir Higher P + unirradiated  

JPB_Ir Higher P + irradiated 

JPB_PIA Higher P + irradiated + annealed 

JPC_Unir Lesser P + unirradiated  

JPC_Ir Lesser P + irradiated 

JPC_PIA Lesser P + irradiated + annealed 

  

Fig. 1. (a) Damage (in dpa) and implantation (in ion per atom) profiles that were calculated with 

SRIM using the quick damage method. The reference depth for 0.1 dpa damage is 500 nm. The tip 

apex was kept at 450 nm from the surface (as can be seen in the figure) so that the 0.1 dpa region 

could be targeted for APT data acquisitions. (b) An example of an isoposition histogram, taken 

from the JPB_Ir sample, for MNS-rich clusters. This also illustrates the meaning of the 

concentration threshold (𝐶𝑡ℎ) value. (c) A load vs displacement profile obtained from 

nanoindentation experiments on the JPB_Unir sample.    
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2.3. Materials characterisation  

2.3.1. Atom probe tomography 

APT was performed on CAMECA’s LEAP 5000 XR at the GENESIS platform of Groupe de 

Physique des Matériaux (GPM), Rouen, France. Focused ion beam milling (FIB) was used to 

prepare tips for APT. Several tips from different positions of the samples were prepared to check 

the variability in the microstructures. A Zeiss XB540 Crossbeam instrument was used for FIB 

milling. The cleaning of the tips was performed at 2 kV and 90 pA to minimise the Ga implantation. 

The tip apex was kept at 450 nm depth (Fig. 1 (a)) after annular milling so that 0.1 dpa region can 

be analysed during APT data acquisitions. The final diameter of the tip was maintained at less than 

100 nm.  

The APT acquisitions were made using the voltage mode at 55 K temperature. The pulse 

fraction and pulse repetition rate were kept at 20 % and 200 kHz, respectively. The detection rate 

was varied (0.1–0.3 %) during the analysis to keep a constant evaporation flux; as the sample 

diameter changes during analysis. 

The reconstruction of the APT data was carried out in CAMECA’s Integrated Visualization 

and Analysis Software (IVAS; 3.8.10 version). The voltage method was used for reconstruction. 

The image compression factor value was kept as 1.65. The k-factor values were calibrated using 

the interplanar spacing of low-index crystallographic poles, such as (011), (002), and (222); as 

observed during analyses. The first few thousand atoms were ignored for the reconstruction 

because the samples were being aligned during this time and the Ga concentration was also higher 

at the beginning.   

Further data analysis was carried out in GPM 3D data software; developed by the GPM 

instrumentation team. The mass-to-charge ratio peaks were identified and decomposed using the 



8 

 

natural abundance of the elements. The decomposed data were used to calculate the global 

composition of the samples. The data from all the tips of a particular sample were added to calculate 

the average composition values, which are reported here. The matrix composition was calculated 

by creating a new volume of the data without clusters in it.   

The isoposition method (IPM) was used to identify the clusters in the unirradiated, irradiated, 

and post-irradiation-annealed samples. Here, the potentially clustered atoms were first filtered 

using a composition threshold (𝐶𝑡ℎ) value. 𝐶𝑡ℎ corresponds to the concentration of all solutes 

considered as core atoms that has a relative occurrence equal to 0.01 % in the randomised APT 

volume. One such example of the isoposition histogram, indicating the 𝐶𝑡ℎ value, can be seen in 

Fig. 1 (b). As the MNS-rich clusters have been reported to be enriched in Mn, Ni, Si, Cu, and P 

[42, 43]; therefore, all these elements were considered as core atoms to calculate the 𝐶𝑡ℎvalue for 

finding the MNS-rich clusters. The filtered atoms were then assigned to the clusters based on the 

atomic distance method, where atoms within the maximum distance (𝑑𝑚𝑎𝑥 = 0.4 nm) value were 

assigned to the same cluster. This was followed by assigning the minimum number of core atoms 

(𝑁𝑚𝑖𝑛) in the clusters. The choice for 𝑁𝑚𝑖𝑛 was made in a way that zero clusters were obtained in 

the random solid solution. Using the 𝐶𝑡ℎ, 𝑑𝑚𝑎𝑥, and 𝑁𝑚𝑖𝑛 values of each volume, three-dimensional 

(3D) atom maps were produced to highlight the solute rich regions, and are presented here.     

Once the clusters were identified, the interface between the clusters and the matrix was defined; 

to calculate the core composition and the diameter of the clusters. This was done by performing an 

erosion procedure. Two erosions were performed: The first erosion was performed by keeping the 

interface at the half maximum of the concentration profile, and the second erosion was performed 

at the plateau value of the concentration profile. Further information on IPM can be seen in 

reference [45]. 
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The first erosion data were used to calculate the diameter, number density, and volume fraction 

of the clusters. The diameter of each cluster was calculated using the expression given in Equation 

1. 

𝑑 = 2 ×  √
3𝑛𝑉𝑎𝑡

4𝜋𝑄

3
                                                                                                                             (1) 

Here, 𝑛 is the number of atoms in each cluster, 𝑉𝑎𝑡 is the atomic volume of Fe, and 𝑄 is the detection 

efficiency of LEAP 5000 XR – which is 0.52.  

The number density (𝑁) was calculated as the total number of clusters identified over the total 

volume analysed. The clusters within the volume were counted as full clusters and the clusters at 

the edges of the volume were counted as half clusters. The total volume (𝑉𝑇) analysed is given by 

the expression in Equation 2. 

𝑉𝑇 =
𝑛1×𝑉𝑎𝑡

𝑄
                                                                                                                                     (2) 

Where 𝑛1 is the total number of atoms collected from all the tips of each sample. The volume 

fraction (𝑓𝑣) of the clusters is given by Equation 3. 

𝑓𝑣 =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
                                                                                          (3) 

After performing the second erosion, a separate volume containing only cluster cores was 

saved. The mass over charge peaks obtained from this volume were also treated in the same way 

as for the bulk volume: The mass over charge peaks were identified and decomposed using the 

natural abundance of the elements to calculate the cluster composition. 
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2.3.2. Nanoindentation 

The nanoindentation measurements were performed on a TI 950 TriboIndenter from 

HYSITRON, Bruker. A Berkovich tip was used to perform all the indentation tests that were 

calibrated on fused silica with known bulk modulus. A basic quasi-static trapezoid load function 

with a maximum load of 10 mN (corresponding to a contact depth of about 350 nm) and a dwell 

time of 5 s was used for this work. The loading and unloading times were 5 s, each. A typical load-

displacement curve can be seen in Fig. 1 (c) for JPB_Unir. A total of 20 readings were taken for 

each sample and an average value is presented here. Each indent was separated by a distance of 30 

µm from each other; to avoid the interaction between the plastic zones created by each indent. 

Oliver & Pharr indentation method [46]  was used to determine the hardness (𝐻𝐼𝑇) values; with the 

slope of the unloading curves.  

3. Results 

3.1. Microstructure 

3.1.1. Before and after irradiation 

The distribution of the solute atoms (Mn, Ni, Si, Cu, P, and all solutes together (called MNS 

atom map)) in the volumes obtained from APT, for JPB_Unir, JPC_Unir, JPB_Ir, and JPC_Ir 

samples, is shown in the atom maps presented in Fig. 2 (a), (b), (c), and (d), respectively. Atoms 

located in an area enriched in one of these elements or these elements together (MNS) are 

highlighted using the IPM. The 𝐶𝑡ℎ and 𝑁𝑚𝑖𝑛 values used to identify enriched areas for different 

elements and five solutes together are presented in Table 3. It can be stated by visual inspection 

that the irradiation of the samples with 0.1 dpa dose has caused the solutes to cluster. The atom 

maps for Ni suggest that Ni clusters more in the JPC_Ir sample than in the JPB_Ir sample.  
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Fig. 2. The atom maps for the (a) JPB_Unir, (b) JPC_Unir, (c) JPB_Ir, and (d) JPC_Ir samples. 

The irradiation of the samples with 0.1 dpa dose has caused the clustering of all the elements.   

Table 3. The 𝐶𝑡ℎ  (%) and 𝑁𝑚𝑖𝑛 values for obtaining the atom maps (Fig. 2 and 3) for different 

elements. 

Sample 

Elements 

Mn Ni Si Cu P MNS 

𝐶𝑡ℎ 

(%) 
𝑁𝑚𝑖𝑛 

𝐶𝑡ℎ 

(%) 
𝑁𝑚𝑖𝑛 

𝐶𝑡ℎ 

(%) 
𝑁𝑚𝑖𝑛 

𝐶𝑡ℎ 

(%) 
𝑁𝑚𝑖𝑛 

𝐶𝑡ℎ 

(%) 
𝑁𝑚𝑖𝑛 

𝐶𝑡ℎ 

(%) 
𝑁𝑚𝑖𝑛 

JPB_Unir 4.40 12 2.30 5 2.70 6 1.30 3 1.20 3 6 10 

JPC_Unir 4.10 6 2.30 4 2.90 4 1.40 3 1.20 2 5.90 9 

JPB_Ir 3.80 6 2.70 7 3.30 10 1.80 5 1.60 3 6.40 11 

JPC_Ir 3.80 6 2.40 5 3.00 7 1.60 4 1.40 3 6.10 12 

JPB_PIA 3.70 7 2.20 4 2.70 5 1.30 4 1.30 3 5.40 9 

JPC_PIA 3.80 6 2.30 5 2.90 4 1.50 4 1.30 3 5.80 6 

 

3.1.2. After post-irradiation annealing 

The atom maps obtained for different elements in JPB_PIA and JPC_PIA samples are shown 

in Fig. 3 (a) and (b), respectively. The 𝐶𝑡ℎ and 𝑁𝑚𝑖𝑛 values for obtaining these atom maps can be 
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seen in Table 3. On visual inspection of JPB_PIA and JPC_PIA samples with respect to JPB_Ir 

and JPC_Ir samples, respectively, it can be said that the clustering has not disappeared after PIA.  

 

Fig. 3. The atom maps for the (a) JPB_PIA, and (b) JPC_PIA samples. The clustering has not 

disappeared after the post-irradiation annealing of the samples. 

3.2. Solute clustering 

It is hard to visually analyse the atom maps (Fig. 2 and 3) to properly understand the clustering 

of different elements; therefore, a statistical test (𝑉 parameter test [34,47]) was performed to 

understand the clustering carefully. 𝑉 parameter can help to understand the early clustering of low-

concentration elements. It measures the statistical difference between the experimental and the 

random distribution of the elements. A higher 𝑉 parameter value qualitatively signifies a higher 

deviation from the random distribution. 𝑉 parameters were calculated by summing the difference 

between the experimental/real (𝑃𝑖
𝑒) and the random (𝑃𝑖

𝑟) concentration of the elements distributions 

as per the relation given in Equation 4. 

𝑉 =  ∑ |𝑃𝑖
𝑒 − 𝑃𝑖

𝑟|𝑖                                                                                                                         (4) 

Here, the 𝑉 parameter tests were performed on the data from isoposition histograms (e.g., Fig. 1 

(b)) obtained via the IPM.  
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The 𝑉 parameters obtained for Mn, Ni, Si, Cu, P, and MNS elements in different volumes of 

JPB and JPC samples are shown in Fig. 4 (a) and (b), respectively. The average 𝑉 parameter values 

for these elements are presented in Table 4. The average values were calculated by summing the 

|𝑃𝑖
𝑒 − 𝑃𝑖

𝑟| values calculated from isoposition histograms of all the APT volumes of a particular 

sample. This was done to get the correct representation and information for the bulk of the sample 

rather than individual volumes. The error bars presented in Table 4 are the standard deviations (𝑆𝐷) 

– which were calculated by using the expression given in Equation 5. 

𝑆𝐷 = 2 × √
∑(𝑥−�̅�)2

(𝑧−1)
                                                                                                                                (5) 

Here, 𝑥 is the single data point (|𝑃𝑖
𝑒 − 𝑃𝑖

𝑟|) in the entire dataset, �̅� is the mean of the entire dataset, 

and 𝑧 is the total number of data points in a particular sample.  

Overall, the average 𝑉 parameter values for the unirradiated samples indicate a deviation from 

the random distribution; however, relatively higher average 𝑉 parameter values were obtained for 

the irradiated samples. This confirms that the irradiation of the samples has caused the clustering 

of solutes. It is important to mention here that the 𝑉 parameter values for Mn and Ni in some APT 

volumes of JPB_Ir were found to be lower than the corresponding 𝑉 parameter values in JPB_Unir. 

However, the average 𝑉 parameter values, representing the information for the bulk sample, for 

these elements in the JPB_Ir sample are slightly higher than the average 𝑉 parameter values in the 

JPB_Unir sample. Not much difference in the average 𝑉 parameter values of the post-irradiation-

annealed samples was found with respect to their irradiated conditions. This indicates that 

clustering has not disappeared after PIA; as seen in the APT maps in Fig. 3. 
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Fig. 4. 𝑉 parameters, as obtained from isoposition histograms of Mn, Ni, Si, Cu, P, and MNS 

elements, are shown here for different volumes of (a) JPB and (b) JPC samples under unirradiated, 

irradiated, and post-irradiation-annealed conditions. 

Table 4. The average 𝑉 parameter values for JPB and JPC samples under unirradiated, irradiated, 

and post-irradiation-annealed conditions.  

Sample Mn Ni Si Cu P MNS 

JPB_Unir 
0.12 ± 

0.0004 

0.05 ± 

0.0004 

0.04 ± 

0.0002 

0.01 ± 

0.0004 

0.03 ± 

0.0002 

0.16 ± 

0.0004 

JPC_Unir 
0.1 ± 

0.0004 

0.03 ± 

0.0002 

0.05± 

0.0002 

0.02 ± 

0.0002 

0.01 ± 

0.0006 

0.13 ± 

0.0004 

JPB_Ir 
0.14 ± 

0.0004 

0.07 ± 

0.0004 

0.12 ± 

0.0004 

0.06 ± 

0.0006 

0.05 ± 

0.0002 

0.29 ± 

0.0006 

JPC_Ir 
0.17 ± 

0.0002 

0.12 ± 

0.0004 

0.14 ± 

0.0002 

0.02 ± 

0.0004 

0.02 ± 

0.0002 

0.31 ± 

0.0004 

JPB_PIA 
0.18 ± 

0.0006 

0.07 ± 

0.0004 

0.12 ± 

0.0004 

0.02 ± 

0.0006 

0.05 ± 

0.0002 

0.29 ± 

0.0006 

JPC_PIA 
0.21 ± 

0.0006 

0.09 ± 

0.0004 

0.14 ± 

0.0006 

0.02 ± 

0.0008 

0.02 ± 

0.0002 

0.31 ± 

0.0008 

   

3.3. Global and matrix chemical compositions 

The average global and matrix compositions (in at %) obtained from APT for the irradiated and 

post-irradiation-annealed samples are shown in Table 5. Table 5 also shows the average global 

compositions for unirradiated samples. The average global APT composition values for C, V, Mo, 

and Mn are lesser than the nominal composition values (in brackets in Table 5 or Table 1). In fact, 

V was not detected in any of the unirradiated samples. This is because these elements are carbide 

formers [8,10,48], and as APT is a local technique, these variations are thus expected [48]. The 

average global APT and nominal compositions for Cr are approximately the same. A higher global 
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average APT composition of Ni was measured for all the samples, except JPB_PIA where a lower 

amount was found. The average global APT composition for Si is slightly higher for JPC_Unir and 

JPC_Ir, and approximately the same for JPB_Unir, JPB_Ir, JPB_PIA, and JPC_PIA. The APT 

global compositions for Cu and P are the same as the nominal compositions. These observed 

differences between the APT and the nominal compositions are expected, as reported previously 

[48,49]. It is important to note here that the average matrix APT concentration values for Mn, Ni, 

Si, Cu, and P are lower than their average global APT values. This is because these elements cluster 

as MNS-rich clusters. Slight differences were observed in the matrix compositions of JPB and JPC 

samples for Mn, Ni, Si, Cu, and P after PIA with respect to their irradiated conditions. 
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Table 5. The average global and matrix APT compositions obtained from different tips of JPB and 

JPC samples under irradiated and PIA conditions are presented in this table. The average global 

APT compositions for both samples under unirradiated conditions are also shown. In the case of 

unirradiated samples, global and matrix are the same thing. The nominal compositions are 

presented in brackets. All the values are in at %.  

Code C Mn Si Cr Ni Mo V P Cu 

Global APT composition for unirradiated samples 

JPB 

0.17± 

0.04 

(0.92) 

1.29 ± 

0.2 

(1.43) 

0.50 ± 

0.01 

(0.51)  

0.15 ± 

0.03 

(0.16) 

0.86 ± 

0.02 

(0.78) 

0.24 ± 

0.02 

(0.31) 

-  

(0.01) 

0.029 ± 

0.001 

(0.030) 

0.010 ± 

0.002 

(0.009) 

JPC 

0.29± 

0.02 

(0.83) 

1.12 ± 

0.13 

(1.46) 

0.56 ± 

0.02 

(0.53) 

0.15 ± 

0.01 

(0.16) 

0.82 ± 

0.02 

(0.77) 

0.29 ± 

0.01 

(0.31) 

-  

(0.01) 

0.005 ± 

0.002 

(0.013) 

0.009 ± 

0.002 

(0.009) 

Global APT composition for irradiated samples 

JPB 
0.27± 

0.12 

1.11 ± 

0.14 

0.52 ± 

0.07 

0.13 ± 

0.03 

0.87 ± 

0.02 

0.27 ± 

0.04 

0.0003± 

0.0002 

0.026 ± 

0.007 

0.008 ± 

0.001 

JPC 
0.39± 

0.19 

1.08 ± 

0.2 

0.61 ± 

0.04 

0.11 ± 

0.03 

0.87 ± 

0.07 

0.23 ± 

0.03 

0.0009± 

0.0002 

0.006 ± 

0.002 

0.009 ± 

0.004 

Matrix APT composition for irradiated samples 

JPB 
0.27± 

0.12 

1.09 ± 

0.14 

0.51 ± 

0.06 

0.13 ± 

0.03 

0.85 ± 

0.03 

0.27 ± 

0.04 

0.0003±  

0.0002 

0.018 ± 

0.006 

0.007 ± 

0.001 

JPC 
0.39± 

0.19 

1.04 ± 

0.15 

0.58 ± 

0.06 

0.11 ± 

0.03 

0.83 ± 

0.05 

0.23 ± 

0.03 

0.0008±

0.0003 

0.004 ± 

0.002 

0.008 ± 

0.003 

Global APT composition for post-irradiation-annealed samples 

JPB 
0.11±

0.13 

0.93 ± 

0.07 

0.52 ± 

0.02 

0.14 ± 

0.01 

0.61 ± 

0.07 

0.27 ± 

0.01 

0.0004± 

0.0002 

0.03 ± 

0.006 

0.007 ± 

0.002 

JPC 
0.04±

0.01 

1.17 ± 

0.18 

0.53 ± 

0.01 

0.12 ± 

0.03 

0.9 ± 

0.01 

0.23 ± 

0.02 

0.0007±

0.0002 

0.005 ± 

0.001 

0.008 ± 

0.001 

Matrix APT composition for post-irradiation-annealed samples 

JPB 
0.11±

0.13 

0.92 ± 

0.07 

0.51 ± 

0.02 

0.14 ± 

0.01 

0.60 ± 

0.07 

0.27 ± 

0.02 

0.0005±

0.0002 

0.027 ± 

0.005 

0.004 ± 

0.002 

JPC 
0.04±

0.01 

1.15 ± 

0.18 

0.51 ± 

0.01 

0.12 ± 

0.03 

0.88 ± 

0.01 

0.23 ± 

0.02 

0.0007±

0.0002 

0.003 ± 

0.001 

0.006 ± 

0.0003 

3.4. Cluster information 

The variation in the number density, volume fraction, and diameter of MNS-rich clusters in 

irradiated and post-irradiation-annealed samples can be seen in Fig. 5 (a), (b), and (c), respectively. 

The figure also illustrates the scatter in the data taken from different tips. The average values for 

number density, volume fraction, and diameter of the MNS-rich clusters are also shown in Table 

6. The average number density and volume fraction increase as the bulk P content decreases, i.e. 
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from sample JPB_Ir to sample JPC_Ir. This is more pronounced for the number density. The 

average diameter decreases slightly as the bulk P content decreases. The post-irradiation-annealed 

samples, JPB_PIA and JPC_PIA, show a slight decrease in the number density and the volume 

fraction when compared with their irradiated conditions, i.e. JPB_Ir and JPC_Ir, respectively. The 

difference is within the error bars. This decrease in the number density and the volume fraction 

after PIA, if considered notable, also suggests that the clusters are not thermodynamically stable at 

350 °C. This has been a debated topic [2,3,21,50] which needs further investigation and is out of 

the scope of the current work. The average cluster diameter remained approximately the same after 

PIA.     

 

Fig. 5. The variation in the (a) number density, (b) volume fraction, and (c) diameter of MNS-rich 

clusters in irradiated and post-irradiation-annealed samples.  
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Table 6. The average values for number density, volume fraction, and diameter of the MNS-rich 

clusters that were observed in JPB_Ir, JPC_Ir, JPB_PIA, and JPC_PIA samples. 

Sample 
Number density, 𝑁 (× 

1023 m–3) 

Volume fraction, 𝑓𝑣 

(%) 
Diameter, 𝑑 (nm) 

JPB_Ir 7.5 ± 3.7 0.41 ± 0.21 2.04 ± 0.13 

JPC_Ir 14.1 ± 3.9 0.48 ± 0.15 1.92 ± 0.17 

JPB_PIA 5.6 ± 2.5 0.37 ± 0.07 2.08 ± 0.03 

JPC_PIA 10.3 ± 3.4 0.43 ± 0.27 1.91 ± 0.21 

  

The average cluster composition obtained from irradiated and post-irradiation-annealed 

samples is shown in Table 7. The error bars in the table are the standard deviations of average 

cluster compositions from individual APT volumes. The amount of Fe seen in these clusters has 

been reported [13,48] to be because of the APT artifact; due to the local magnification effect 

causing trajectory overlap [51]. However, there are chemical composition correction models [52–

54] developed by the GPM team that can be used to identify and eventually quantify the 

introduction of matrix atoms into cluster core due to trajectory aberrations. This will be reported 

separately as for the current work the idea is to understand the effect of P on the clustering 

mechanism of MNS-rich clusters. 

Table 7. The average cluster compositions for JPB_Ir, JPB_Ir, JPB_PIA, and JPC_PIA samples. 

All the values are in at %. 

Sample Fe Mn Ni Si Cr Mo Cu P C 

JPB_Ir 
86.74 

± 1.95  

4.73 ± 

0.12  

4.82 ± 

0.21  

2.58 ± 

0.13  

0.15 ± 

0.04  

0.11 ± 

0.02  

0.26 ± 

0.07  

0.43 ± 

0.17  

0.20 ± 

0.04  

JPC_Ir 
83.70 

± 1.56  

5.75 ± 

0.20  

5.99 ± 

0.15  

4.00 ± 

0.21 

0.05 ± 

0.01 

0.10 ± 

0.01 

0.12 ± 

0.02 

0.12 ± 

0.04 

0.17 ± 

0.06 

JPB_PIA 
88.29 

± 2.87 

4.16 ± 

0.10 

3.91 ± 

0.09 

2.37 ± 

0.11 

0.11 ± 

0.02 

0.23 ± 

0.08 

0.08 ± 

0.03 

0.70 ± 

0.20 

0.15 ± 

0.05  

JPC_PIA 
87.53 

± 0.64 

4.61 ± 

0.11 

4.54 ± 

0.10 

2.81 ± 

0.08 

0.12 ± 

0.02 

0.18 ± 

0.06 

0.09 ± 

0.02 

0.08 ± 

0.02 

0.05 ± 

0.01 

 

Table 7 shows that the clusters in the JPB_Ir sample, with higher bulk P content, have higher 

P content (0.43 at %) in the clusters than the clusters (0.12 at %) in the JPC_Ir sample. A higher 
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amount of Cu was observed for the clusters in the JPB_Ir sample (0.26 at %) when compared to 

the clusters in the JPC_Ir sample (0.12 at %). These observations are suggestive of the synergy 

between Cu and P. A higher amount of P in the JPB_Ir sample led to a decrease in the Mn (4.73 at 

%), Ni (4.82 at %), and Si (2.58 at %) concentrations in the clusters than the Mn (5.75 at %), Ni 

(5.99 at %), and Si (4.00 at %) concentrations in the clusters for JPC_Ir samples. These 

observations are also true for Mn, Ni, and Si in the post-irradiation-annealed samples. The 

concentrations of Mn, Ni, and Si in the clusters for both steels decrease after PIA. This could be 

due to the beginning of the dissolution of the clusters as understood from the decrease in the number 

density and the volume fraction of MNS-rich clusters after PIA (Fig. 5 and Table 6). The clusters 

in the JPB_PIA sample show a higher P content (0.70 %) than the clusters in JPC_PIA (0.08 %). 

The Cu concentrations in the clusters in JPB_PIA and JPC_PIA are 0.15 % and 0.05 %, 

respectively. The Cu concentration has gone down in the post-irradiation-annealed samples, 

especially in the JPB_PIA sample.   

3.5. Hardness 

The hardness (𝐻𝐼𝑇) data as obtained from nanoindentation tests, for unirradiated, irradiated, 

and post-irradiation-annealed samples, are shown in Table 8. The table also contains data for 

hardening (the difference between the hardness of unirradiated and irradiated samples) and 

recovery (the difference between the hardness of irradiated and post-irradiation-annealed samples). 

The uncertainty values presented in the table for hardening and recovery were calculated using the 

error propagation method [55]. Note that there is a reasonable agreement between the absolute 

hardness and the hardening values measured at similar depths by Röder et al. [30] on the same 

samples: the hardening values obtained from current work for the JPB and the JPC samples are 

approximately the same (~0.72 GPa and ~0.43 GPa for JPB and JPC, respectively) as what was 
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reported on the same samples at 200 nm indentation depth. Higher hardening in the JPB sample, in 

comparison to the JPC sample, was observed by Röder et al. [27] for a larger range of fluences 

0.01 to 1 – which is in line with the current observation.   

The 10 mN load used in this work led to an indentation depth of approximately 350 nm (Fig. 1 

(c)). It has been reported that [56–58] the mechanical properties of the irradiated layer can be 

separated from the substrate if the indent depth is <0.33 times the thickness of the irradiated layer 

or between 200-500 nm. Note that there is no standard value for this depth as it should depend on 

the situation. The irradiated layer in the current case is up to about 1800 nm depth (Fig. 1 (a)), 

making the indentation depth (~350 nm) about 0.19 times the thickness of the irradiated layer. The 

indentation depth targeted for the current work is within the recommended limit. Therefore, it can 

be said that the hardness values obtained for irradiated and post-irradiation-annealed samples 

represent the effect of irradiation and PIA on hardening and recovery, respectively. However, it 

has to be pointed out that the damage profile is not homogeneous in this area, and there is 

implantation of Fe. Thus the hardening is likely to be inhomogenous in the entire irradiated depth. 

The irradiated samples show higher hardness than the unirradiated samples; indicating that the 

formation of radiation-induced features has caused the hardening of the samples. The JPB sample 

shows a higher hardening than the JPC sample. As the only difference between these samples is in 

P content then it can be said that the increase in P content in steels leads to an increase in hardening. 

The JPB sample shows a higher recovery than the JPC sample. This suggests that higher recovery 

has happened in the sample containing higher P content. The hardening and recovery values are 

further discussed in the discussion section. 
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Table 8. The nanoindentation hardness (𝐻𝐼𝑇) data obtained for unirradiated, irradiated, and post-

irradiation-annealed samples. The table also shows the hardening and recovery values.  

Sample 
Average hardness, 𝐻𝐼𝑇  

(GPa) 

Standard deviation 

(𝑆𝐷)/uncertainty 

JPB_Unir 3.18 0.27 

JPB_Ir 3.91 0.25 

JPB_PIA 3.46 0.12 

JPC_Unir 2.98 0.09 

JPC_Ir 3.48 0.22 

JPC_PIA 3.42 0.21 

Hardening (GPa) 

JPB 0.73 0.36 

JPC 0.5 0.23 

Recovery (GPa) 

JPB 0.45 0.27 

JPC 0.06 0.3 

        

4. Discussion 

4.1. Irradiation hardening and post-irradiation annealing effect 

It is important to mention here that hardening under ion irradiation is depth-dependent – which 

makes it difficult to relate the microstructure and the hardness at a given depth. The approach below 

is of a simplified nature and the results from a single depth were used for this work. The obtained 

hardness values from nanoindentation tests were converted to the equivalent yield stress (𝜎𝑦) 

values. Rodríguez et al. [59] performed high-throughput experimentation to develop the correlation 

between the yield stress and the hardness for nanoindentation tests; with different indentation 

depths (50–2000 nm). A linear relation between the yield stress and the hardness values was 

reported for different types of steel. The relation is given in Equation 6.  

𝐻𝐼𝑇 = 𝑏 + 𝑐′𝜎                                                                                                                                 (6) 
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Where the values of 𝑏 and 𝑐′ varied based on the indentation depth. 𝑏 and 𝑐′ values were reported 

to be 0.16 GPa and 5.16, respectively, when the indentation depth was more than 250 nm, as in the 

current work. This same relation was also used by Tao et al. [60] for converting nanohardness 

values of duplex stainless steel to yield stress. Based on the same relation, the yield stress values 

were calculated for the current work and are presented in Table 9. Note that such property–property 

conversions involve some degree of uncertainty. However, the relation used here for this property–

property conversions is derived from high-throughput experimentation on different materials, as 

mentioned above. In addition, the yield stress values estimated for the JPB and the JPC samples in 

the unirradiated condition agree reasonably well with the measured yield stress values (511 MPa 

and 497 MPa for JPB and JPC, respectively) in the unirradiated condition, reported by Röder et al. 

[30]. Hence, it is safe to state that the method used for estimating the yield stress values can be 

reasonably accepted. 

Table 9. The estimated values of yield stress (in MPa) from the hardness data. The uncertainty 

values were calculated based on the error propagation method. 

Sample Yield stress, 𝜎𝑦 (MPa) Uncertainty  

JPB_Unir 500 52 

JPB_Ir 641 48 

JPB_PIA 554 23 

JPC_Unir 462 17 

JPC_Ir 558 42 

JPC_PIA 546 39 

 

Subsequently, the hardening (Δ𝜎𝑦) of the samples due to irradiation was calculated, where Δ𝜎𝑦 

refers to the yield stress difference between the irradiated and the unirradiated samples. The 

obtained hardening results are plotted in Fig. 6 (a). The decrease in the hardening values, i.e. 

recovery, due to PIA can also be seen in Fig 6 (b). Note that Bergner et al. [32] reported an increase 

in the measured yield stress values of about 223 MPa and 197 MPa for the JPB and the JPC 
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samples, respectively, after a neutron dose of 0.133 dpa. The estimated increase in yield stress 

values in the current work, after an ion dose of 0.1 dpa, were found to be 141 MPa and 96 MPa for 

the JPB and the JPC samples, respectively. The observed differences in the properties from these 

works are likely because of the irradiation dose and the source of irradiation (neutron vs ion) – but 

the trend is the same as observed in the current work. This is another indication that our property-

property conversion method is reasonably correct.  

A theoretical equivalent of hardening and recovery values was calculated for comparison 

purposes and the data is shown in Fig. 6. Hardening in the material is a consequence of several 

contributing factors, such as dislocations and carbides, and Hall-Petch contribution. According to 

Monnet et al. [61], the quadratic sum of the contributions of the carbides, the dislocation forest, 

and the solute clusters to the critical resolved shear stress (CRSS) result in the following expression 

(Equation 7) for irradiation hardening in RPV steels: 

∆𝜎 = 𝑀(√𝜏𝑓𝑜𝑟𝑒𝑠𝑡
2 + 𝜏𝑐𝑎𝑟𝑏𝑖𝑑𝑒

2 + 𝜏𝑠𝑐
2 − √𝜏𝑓𝑜𝑟𝑒𝑠𝑡

2 + 𝜏𝑐𝑎𝑟𝑏𝑖𝑑𝑒
2  )                                                         (7)    

where 𝜏𝑓𝑜𝑟𝑒𝑠𝑡 is the CRSS contribution of the dislocation forest, 𝜏𝑐𝑎𝑟𝑏𝑖𝑑𝑒 is the CRSS contribution 

of the carbides and  𝜏𝑠𝑐 is the CRSS contribution of the solute clusters. 𝑀 is Taylor’s factor whose 

value is 3.05. Since the exact information about carbides and dislocation forests was not available 

for this work; therefore, the 𝜏𝑓𝑜𝑟𝑒𝑠𝑡 and 𝜏𝑐𝑎𝑟𝑏𝑖𝑑𝑒 were adapted from the typical values of these 

components for RPV steels from reference [62]. The values are 62 MPa and 36 MPa, respectively. 

The Dispersed Barrier Hardening model was used to calculate the CRSS contribution of the solute 

clusters (𝜏𝑠𝑐) [63]. The model is given by the relation in Equation 8. 

𝜏𝑠𝑐 = 𝛼𝑠𝑐𝜇𝑏√𝑁𝑑                                                                                                                            (8) 
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Where 𝛼𝑠𝑐 is the obstacle strength, 𝜇 is the shear modulus of the material, 𝑏 is the Burgers vector 

and 𝑑 is the cluster diameter. Here, the values for 𝜇 and 𝑏 were taken as 83 GPa [64] and 0.248 

nm, respectively. To estimate the value of 𝛼𝑠𝑐, it was assumed that no SIA clusters were present in 

the JPC sample as very little recovery was seen (Table 8) for the JPC sample, i.e. the hardening 

can be fully described by Equation 7. Based on this assumption, 𝛼𝑠𝑐 value was varied until the 

experimental and theoretical hardening values matched. The 𝛼𝑠𝑐 value was found to be 0.068 – 

which was used to calculate the theoretical hardening values for the other samples. This value is 

approximately the same (0.066 ± 0.006) as what was estimated by Ulbricht et al. [65] for MNS-

rich clusters in RPV steels.    

  

Fig. 6. The (a) hardening due to irradiation and (b) recovery due to post-irradiation annealing for 

JPB and JPC samples. The uncertainty values here were calculated using the error propagation 

method. 

The theoretical hardening value obtained for the JPB sample by using Equation 7 and 𝛼𝑠𝑐 = 

0.068 is lower than the experimental value. This suggests that apart from the hardening contribution 

from carbides, dislocations, and solute clusters, we also have the contribution from matrix damage 

due to irradiation. This observation is in agreement with the stabilisation of small SIA clusters by 

P (not visible to APT); as explained previously [31,62]. A higher amount of recovery in the 

hardening was observed for JPB samples when compared to the JPC sample. The recovery as per 

the theoretical calculations (due to the dissolution of the clusters) showed a very low value when 
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compared to the measured value for the JPB sample. The difference in recovery between the 

theoretical and the experimental values for the JPB sample could be explained by the dissolution 

of the small SIA clusters stabilised by P atoms. The recovery in the JPC sample is partly due to the 

partial dissolution of the clusters. The differences between the experimental and theoretical 

recovery, and the difference between the experimental and theoretical hardening for the JPB sample 

were found to be ~ 79 MPa and ~78 MPa, respectively. These values are approximately the same. 

These values are suggestive of the fact that the extra hardening was because of the presence of 

stabilised SIA clusters which were dissolved after PIA; leading to higher recovery in the JPB 

sample. Hence these observations help in rationalising that the P content does stabilise the SIA 

clusters that act as the nucleation site for the formation of MNS-rich clusters [31]. 

4.2. Effect of phosphorous 

The APT results (Fig. 2, Fig. 4, Table 4, and Table 7) clearly show that the P atoms cluster due 

to ion irradiation of 0.1 dpa. Gómez-Ferrer et al. [34] and Gueye et al. [66] have also reported that 

P-rich clusters can form in Fe-Cr alloys with a low dose of 0.1 dpa. The Mn, Ni, and Si content of 

the clusters reduced (Table 7) in the presence of higher bulk P content. The higher amount of P in 

the steel led to a higher amount of Cu in the clusters; suggesting a synergy between Cu and P. 

Kamboj et al. [67] have also reported that in high-P steels, Cu and P nucleate early and provide 

nucleation sites for the solute clusters.  

Although the number density and the volume fraction of the MNS-rich clusters decreased with 

the increase in the P content in the JPB sample, the JPB sample showed higher hardening than the 

JPC sample (Fig. 6). The theoretical hardening value calculated using Equation 7 does not equate 

to the measured hardening value. This reveals that there is another contributing factor to hardening 

apart from the contribution of carbides, dislocation forest, and solute clusters. Röder et al. [30] 
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hypothesised that this contribution is from the stabilisation of the cascade remnants, whereas Castin 

et al. [31] reported that the P atoms stabilise the SIA clusters – which are created in the material 

after the displacement cascades. The trapping capability depends on the elastic strain generated due 

to solute/lattice misfit and solute-SIA cluster bonding. It has been found that the presence of 

undersized substitutional P atoms leads to lattice contraction [68]. In addition, the P atoms have 

the strongest segregation tendency, as reported experimentally by Gómez-Ferrer et al. [34] and via 

modelling by Messina et al. [69,70], and P atoms have a strong positive flux coupling with self-

interstitials and vacancies [71,72]. This negatively impacts the migration energy of the SIA clusters 

[73]; hence, stabilising them. These stabilised features act as nucleation sites that are enriched by 

the relatively slow diffusing elements, such as Mn, Ni, and Si [34]; leading to the formation of 

MNS-rich clusters. The early clustering of P atoms acting as the nucleation site for the solute cluster 

formation in the Cu-free steels was also observed by Kamboj et al. [67] through their APT work. 

Gueye et al. [66] also showcased for high-P containing Fe-Cr alloys that clusters are first enriched 

with P followed by Ni and Si. A higher recovery in the JPB sample after PIA, where approximately 

similar differences between the experimental and theoretical recovery (~ 79 MPa), and the 

experimental and theoretical hardening (~78 MPa) for the JPB sample indicated that the recovery 

is due to the dissolution of these SIA clusters. Although the SIA clusters are not visible to the APT, 

it is proposed, from the above observations, that the P atoms do stabilise the SIA clusters which 

then act as the nucleation sites for the formation of embrittling MNS-rich clusters in RPV steels.  

It is also important to mention here that the PIA of the samples indicates that the MNS-rich 

clusters seem to be not thermodynamically stable at 350 °C. This is understood from the slight 

reduction in the number density (Fig. 5 (a)) and the volume fraction (Fig. 5 (b)) of the MNS-rich 
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clusters. The cluster composition values (Table 7) after PIA are in support of the fact that cluster 

enrichment goes down after PIA; indicating a possible start of the dissolution of the clusters.      

5. Conclusions 

This paper reports the results on understanding the influence of P on the formation of MNS-rich 

clusters and irradiation hardening in RPV model steels. The APT and nanoindentation results led 

to the following conclusions: 

• The increase in the bulk P content does not result in strong differences in solute cluster 

characteristics. In the high P steel, a slight decrease in the number density and the volume 

fraction, and a slight increase in the size of the MNS-rich clusters was observed. 

• However, the hardening increased significantly with an increase in bulk P content. This 

higher hardening was attributed to the stabilisation by P of small self-interstitial atoms 

(SIA) clusters, not visible to APT. 

• A higher amount of P was found in the clusters for samples having higher bulk P content. 

The higher bulk P content also led to the higher Cu content in the clusters; indicating 

synergy between Cu and P.   

• The post-irradiation annealing of the samples led to a slight decrease in the number density 

of solute clusters; suggesting that they are unstable at 350 °C and start to dissolve.  

• The partial dissolution of solute clusters during PIA is not sufficient to explain the hardness 

recovery in particular in the high P steel. This confirms that hardening in high P steel is 

partly due to small SIA clusters invisible to APT.  
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