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Abstract 
A set of low alloy model reactor pressure steels, with systematic variations in their Mn, Ni, 

and Si contents, were neutron-irradiated to high fluence (1.4 x 1020 n/cm2) in the Advanced 

Test Reactor at Idaho at 290 °C and a flux of 3.6 x 1012 n/cm2s.  The alloys were analysed 

using atom probe tomography and solute clusters were observed in each alloy, including in 

one alloy that contained low nominal levels of Mn (0.04 at. %) and Si (0.06 at. %).  Changes 

in the mechanical properties of the alloys were correlated with cluster volume fractions.  

Whilst the effect of nominal composition was observed to influence cluster composition, 

cluster nucleation site was not observed to affect composition.  Several grain boundaries 

were also analysed and the segregation of behaviour of certain elements is discussed. 

1. Introduction 
The reactor pressure vessel (RPV) is the primary containment vessel in light water nuclear 

reactors and safe operation is achieved through demonstration of an exceptionally low 

likelihood of failure throughout the operational lifetime.  The degradation in the mechanical 

properties of the RPV limits the safe operational lifetime of the component and, since the 

RPV is prohibitively expensive to replace, the service life of the power plant.  Due to the high 

initial costs associated with nuclear power plant construction it is essential to maximise their 

safe operating lifetimes.   

Extending the lifetime of reactors, whilst still ensuring the risk of component failure remains 

acceptably low, requires the development of models that can accurately predict the evolution 

of the mechanical properties of the RPV during service.  However, such models first require 

a comprehensive understanding of the mechanisms responsible for embrittlement 

processes.  Furthermore, any predictive models must also be validated by comparison with 

experimental data1. 

Previous work demonstrated that the residual Cu content in early RPVs resulted in the 

formation of Cu-rich precipitates, these precipitates inhibited dislocation motion and led to 

embrittlement during service2–7.  As a result, the target Cu content of RPV steels was 

reduced.  However, these low-Cu steels were still found to embrittle when exposed to high 

levels of neutron irradiation, due to the formation of Mn-Ni-Si-rich clusters/precipitates8–15. 

As an increasing number of power plants apply for lifetime extensions of up to 80 years, 

there is increased interest in observing and understanding the response of RPV steels that 

have been exposed to high neutron fluences.  In particular, there is a need to understand the 

embrittlement of low-Cu steels and to investigate the formation of Mn-Ni-Si-rich features and 
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other features that may lead to hardening.  Furthermore, the grain boundary embrittlement 

phenomena, due to the segregation of P and other solutes16,17, must also be understood and 

accounted for at extended lifetimes. 

In this article, the response of four low-Cu steels irradiated to a neutron fluence of 1.4 x 1020 

n/cm2 is reported.  There were systematic variations in the Mn, Ni, and Si contents of the 

steels.  The nature of Mn-Ni-Si solute clustering/precipitation observed in the matrix of each 

alloy is discussed with respect to alloy composition.  The segregation behaviour of elements 

to grain boundaries in a selection of the alloys is also discussed, as are some of the 

advantages and limitations in using APT to characterise these features. 

2. Materials and Methods 
2.1. Materials 

Four steels were neutron irradiated in the Advanced Test Reactor (ATR-2) experiment.  The 

alloys were neutron-irradiated to a fluence of 1.4 x 1020 n/cm2 at a flux of 3.6 x 1012 n/cm2s 

and an irradiation temperature of 290 °C (equivalent to 0.17 displacements per atom).   

The nominal composition of each steel is shown in Table 1.  Prior to irradiation, three of the 

steels (C, G, and K) were forged and then rolled to 25 mm in thickness.  These steels then 

underwent austenitization at 920 °C for one hour before they were air cooled and tempered 

at 600 °C for five hours.  Finally, the steels were air cooled to room temperature, resulting in 

a bainitic-martensitic microstructure.  Alloy RX12 was a forged material in the quenched and 

tempered condition.  RX12 contained higher Cr content than the other alloys.  However, as 

Cr has not previously been reported to influence the formation of Mn-Ni-Si-rich features, in 

the initial design of this experiment it was assumed that its effect on the extent of the 

formation of these clusters is negligible.   

 

Alloy Cu Si Ni Mn P Cr Mo C Fe 

C (A32) 0.04 0.37 3.11 1.90 0.01 0.10 0.27 0.87 Bal. 

G (A31) 0.04 0.38 1.54 1.93 0.01 0.10 0.28 0.88 Bal. 

K (A26) 0.04 0.38 3.16 0.24 0.01 0.10 0.28 1.10 Bal. 

RX12 (AX12) 0.02 0.06 3.22 0.04 0.00 1.84 0.31 0.96 Bal. 
Table 1: Nominal composition (at. %) of the alloys used in the study.  The alloy names in parentheses indicate 

the name assigned to the alloys by collaborators at UCSB. 

2.2. Methods 

2.2.1. Microhardness Testing 
Vickers microhardness tests were performed on a modified LECO 400 series instrument, 

using a diamond pyramid indenter at a 0.5 kg load with a 10 second dwell time.  Each 3 mm 

diameter disc had a thickness of 0.5 mm and was loaded in a multi-disc holder, and polished 

on a Buehler Vibromet with colloidal silica suspension down to 0.05 μm.  The Vickers 

indenter was used to create a minimum of ten indents per specimen.  The Vickers hardness 

(Hv) was calculated by measuring the diagonal lengths of the indents with a 40x digital 

microscope.  To avoid sampling volumes of the material that had been plastically deformed 

by previous indents, the spacing between indents was greater than 3 times their size18.  If 

the difference between two indent diagonal lengths was greater than 5%, the data was 

discarded.  The average and standard deviation from unirradiated and irradiated specimens 

was tabulated. 



2.2.2. Focused Ion Beam Sample Preparation 
After irradiation, 3 mm disc specimens were mechanically ground and polished to a 1 μm 

surface finish.  These specimens were prepared for atom probe tomography (APT) analyses 

using a FEI Quanta 3D FEG focused ion beam.  Standard lift-out and preparation 

procedures were followed19,20.  A final polish of 5 kV was applied to each sample to minimise 

Ga damage in the analysis volume. 

2.2.3. Atom Probe Analyses 
Atom probe analyses were conducted on a LEAP-4000X HR at Idaho National Laboratory.  

All analyses were conducted in voltage mode at an operating temperature of 50 or 55 K and 

a pulse fraction of 20 %.  Pulse frequencies of 200 kHz and a target detection rate of 0.003 

ions per pulse were applied. 

Reconstructions of the APT data were created using IVAS 3.8.0.  Each reconstruction was 

calibrated by matching the interplanar spacing at crystallographic poles in the data to the 

interplanar spacing of the corresponding directions in BCC α-Fe.  If poles were not present 

in the data, parameters were selected such that the atomic density of the reconstructed 

volume, after accounting for the imperfect detection efficiency of the instrument, was 

consistent with that of α-Fe. 

Cluster searches were conducted implementing the core-linkage algorithm tool in IVAS 

3.8.021, which is a variant of the maximum separation method22.  Cluster search parameters 

were chosen to maximise detectability (whilst avoiding cluster linking/splitting23) by sweeping 

through Dmax, NNorder, and Nmin, and then comparing the results to those obtained from a 

dataset in which the chemical identities of the ions were randomly shuffled24.  Nearest 

neighbour order values of between 1 - 10 were utilised.  Meanwhile, Dmax = 0.45 - 0.65 nm; 

the envelope (L) and erosion (E) parameters were set to half the Dmax value used in each 

analysis, whilst Nmin values ranged between 10-40.  Ions included in the cluster search 

included Cu, Ni, Mn, Si, and P; the Fe-Ni peak overlap at 29 Da was included in the cluster 

analysis but was deconvoluted when calculating cluster compositions.   

Cluster volume fractions, sizes, and number densities, and compositions were calculated 

using the equations detailed in the Appendix.  Previous research has indicated that trajectory 

aberrations in the atom probe experiment, which arise due to the difference in evaporation 

field between the matrix and the features25, result in APT measurements overestimating the 

Fe content of clusters rich in Cu26, Si, and Mn15.  Therefore, in this study Fe has been 

removed from size, volume fraction, or composition calculations (unless otherwise stated).  

Individual cluster compositions were calculated by assuming that all ions that had a mass-to-

charge-state ratio of 29 and were detected in the cluster were Ni.  This is a good 

approximation due to the high Ni content in the clusters and because, given the small sizes 

of the clusters, the contribution of 58Fe2+ to the 29 Da peak is very small (the isotopic 

abundance of 58Fe2+ is 0.28 at. %).  Cluster sizes were estimated by assuming the clusters 

were spherical and using the number of atoms detected in each cluster after correcting for 

the imperfect detection efficiency of the instrument.  Clusters that intersected the edge of the 

analysed volume were identified using the methods outlined in 27; these clusters were 

counted as half a cluster for number density calculations and were not included in size or 

composition calculations.  Clusters nucleated on carbide-matrix interfaces, or within carbides 

were not included in compositional calculations or volume fraction. 

Grain boundary analyses were performed at multiple locations across each grain boundary.  

At each location, a region of interest (ROI) was placed perpendicular to the grain boundary 

such that a 20 x 20 nm area of the grain boundary was contained within the ROI.  A one-

dimensional concentration profile was created along each ROI and the composition of the 



grain boundary was calculated as described in 28.  Changes in grain boundary composition 

as a result of density fluctuations with respect to the matrix were accounted for using the 

method outlined by Blavette et al. 29.  Whilst this will improve the accuracy of grain boundary 

composition measurements, the quantitative accuracy of grain boundary compositional 

measurements made via APT are subject to artefacts30 that this simple correction does not 

fully account for. 

3. Results 
3.1. Microhardness Change During Irradiation 

Each of the alloys displayed an increase in hardness from their non-irradiated condition 

(Figure 1).  Alloy C contained high levels of Ni and Mn and exhibited the largest increase in 

hardness after irradiation.  Meanwhile Alloy RX12, which contained very low levels of Mn 

and Si, had the smallest hardness increase of the four alloys after irradiation.  

 

Figure 1: Evolution in hardness (HV) of the alloys after exposure to neutron irradiation 
(Fluence = 1.4 x 1020 n/cm2, flux = 3.6 x 1012 n/cm2s, Tiir = 290 °C).  Error bars represent the standard deviation 

of the mean. 

3.2. Atom Probe Tomography Results 

A non-random distribution of solute (Cu, Ni, Mn, Si, P) atoms was observed in each dataset 

for each alloy.  This could be seen upon visual inspection and quantitative data were 

acquired by performing cluster searches.  

3.2.1. Measured Alloy Composition 
Carbides were observed in several reconstructions for Alloy C and one reconstruction for 

Alloy G.  Since carbides were not observed in the APT analyses for each of the respective 

alloys, the composition of the tips analysed in this study were calculated after carbides had 

been removed from the datasets.  Peak overlaps were solved using Atom Probe Lab 

v0.1.331 which implements the methods outlined by London32.  The mean of these 

compositions are shown in Table 2. 

Alloy Cu Si Ni Mn P Cr Mo C Fe 



C 0.04 ± 
0.00 

0.45 ± 
0.01 

3.17 ± 
0.07 

1.24 ± 
0.05 

0.01 ± 
0.00 

0.07 ± 
0.01 

0.13 ± 
0.01 

0.23 ± 
0.07 

94.67 ± 
0.16 

G 0.03 ± 
0.00 

0.35 ± 
0.02 

1.44 ± 
0.02 

1.15 ± 
0.04 

0.00 ± 
0.00 

0.06 ± 
0.00 

0.20 ± 
0.01 

0.29 ± 
0.25 

96.47 ± 
0.18 

K 0.04 ± 
0.00 

0.38 ± 
0.01 

3.39 ± 
0.05 

0.21 ± 
0.01 

0.00 ± 
0.00 

0.11 ± 
0.01 

0.23 ± 
0.01 

0.09 ± 
0.02 

95.53 ± 
0.06 

RX12 0.02 ± 
0.00 

0.07 ± 
0.03 

3.54 ± 
0.18 

0.05 ± 
0.01 

0.00 ± 
0.00 

1.09 ± 
0.03 

0.17 ± 
0.02 

0.03 ± 
0.01 

95.02 ± 
0.17 

Table 2: Mean observed composition (at.%) of the APT tips analysed in this study.  Error is indicative of the 
standard error of the mean of different tip compositions.  N.B. Carbide regions were not included in these 

calculations. 

The compositions measured using APT are very similar to the nominal compositions (Table 

1). The only elements that were measured in significantly lower amounts when using APT 

were Mn, Mo, and C.  This is to be expected as these elements are carbide formers and are 

present in high concentrations within carbides.  

3.2.2. Alloy C (0.37 Si, 3.11 Ni, 1.90 Mn (at.%)) 
Seven APT datasets (N = 7) were successfully obtained for Alloy C; an atom map for one of 

these datasets is shown in Figure 2.  A non-random distribution of Mn, Ni, Si, and P is 

evident and the segregation behaviour of Ni and P atoms to a planar feature indicates the 

presence of a grain boundary in this dataset.  A carbide, enriched in Mn, was also observed 

to have formed on the grain boundary.  Grain boundaries were detected in five datasets for 

Alloy C and various degrees of solute segregation was detected at each of these features.  

Discrete solute clusters were observed to have formed at numerous locations along the 

grain boundaries. 

 

Figure 2: Atom maps for a dataset from Alloy C.  The grain boundary and carbide regions are indicated. 

3.2.3. Alloy G (0.38 Si, 1.54 Ni, 1.93 Mn (at.%)) 
Clustering was also detected in all of the datasets (N = 3) from Alloy G (Figure 3).  The 

clusters were enriched in Mn, Ni, Si, and P.  Several of the features were observed to have 

formed on linear features that were enriched in P.  These are likely to be heterogeneous 

nucleation sites, such as dislocations.  The composition of the clusters that formed on 

heterogeneous nucleation sites was not found to be significantly different from the 

composition of those that were observed to have nucleated homogeneously.  This is 

discussed in more detail in Section 4.4. 



 

Figure 3: Atom maps for a dataset from Alloy G showing the distribution of Mn, Ni, and Si, and P. 

3.2.4. Alloy K (0.38 Si, 3.16 Ni, 0.24 Mn (at.%)) 
Figure 4 shows the atom maps for a dataset that is representative of the twelve datasets 

collected for Alloy K.  Clustering was detected in all of the datasets.  Similar to Alloy G, some 

clusters appeared to have formed on heterogeneous nucleation sites. 

 

Figure 4: Atom maps for a dataset from Alloy K showing the distribution of Mn, Ni, and Si, and P.  A linear 
feature, enriched in Mn, Ni, and Si is highlighted by the arrows. 

3.2.5. Alloy RX12 (0.06 Si, 3.22 Ni, 0.04 Mn (at.%)) 
Two datasets were successfully obtained for alloy RX12.  Figure 5 shows a dataset that 

contained a higher density of linear features than the other alloys; these features were 

enriched in Ni and are likely to be dislocations.  The enriched P region was located at the 

intersection point between two of these dislocations. 



 

Figure 5: (a) Atom maps for RX12 showing the distribution of Mn, Ni, Si, and P. (b) Enlarged map showing 
distribution of Mn, Ni, Si, and P atoms in the region highlighted in (a). 

3.3. Cluster Analyses  
Table 3 displays the mean cluster statistics that were calculated after the cluster search 

algorithms had been applied to every dataset collected for each respective alloy.  The cluster 

statistics for Alloy RX12 are shown for both when Fe is included and excluded from the 

calculations; the reasoning for this is that evidence suggests that Fe detected in the clusters 

in this alloy is more likely not the result of evaporation artefacts, in comparison to the 

clusters observed in the other alloys, and this is discussed in more detail later. 

Alloy C exhibited the highest number density and volume fraction of clusters followed by 

Alloy K.  Alloys G and RX12 had the lowest mean number density and volume fraction of 

clusters of the four alloys.  However, due to tip-to-tip variability resulting in variance in the 

measurements, there was no significant difference between the number density of clusters 

detected in Alloy G and RX12.  Although, the average diameter of the clusters detected in 

RX12 was smaller than the average of clusters identified in Alloy G. 

Alloy 
Estimated  

 Volume Sampled 
(x 10-23 m3) 

Note 
Number Density 

(x1023 /m3) 
Diameter 

(nm) 
Volume Fraction 

(%) 

C 10.4  21.2 ± 1.0 2.44 ± 0.19 2.09 ± 0.11 

G 1.67  7.5 ± 0.4 2.13 ± 0.09 0.55 ± 0.10 

K 6.97  11.5 ± 1.5 1.92 ± 0.03 0.78 ± 0.04 

RX12 1.49 
Exc. Fe 

7.0 ± 4.2 
1.50 ± 0.12 0.65 ± 0.23 

Inc. Fe 1.78 ± 0.14 1.08 ± 0.32 
Table 3: Observed cluster details for the four alloys, along with the estimated volume sampled from each 
material.  The Nd and Vf errors are representative of the standard error of the mean calculated from the variance 
between datasets for each alloy.  Meanwhile, the error in cluster diameter is calculated from the entire cluster 
population for each alloy.  N.B. Cluster characteristics are provided for RX12 both including and excluding Fe. 

The ratio of Mn:Ni:Si in the clusters was plotted on a Gibbs triangle (Figure 6 (a)).  For each 

alloy, the set of identified clusters was divided up into quartiles based on cluster size, with 

the Mn:Ni:Si ratio calculated for each size quartile for each alloy.  It was observed that the 

mean cluster composition of the largest quartile of clusters was significantly different to the 

smallest quartile of clusters. 



 

Figure 6: (a) Gibbs' triangle section showing Mn:Ni:Si ratios for each quartile (size) of clusters for each alloy.  
Arrows indicate the development of Mn:Ni:Si ratio as cluster sizes increase.  (b) Gibbs triangle displaying 

Mn:Ni:Si ratio for the largest 25 % of clusters detected in each alloy.  Error bars represent the standard error of 

the mean for each quartile of clusters sampled within each alloy. 

The average composition of the largest 25 % of clusters detected in each alloy is shown in 

Table 4. Ni, Mn and Si accounted for a large fraction of the solute detected in the clusters in 

all of the alloys.   

Table 4: Mean compositions (at. %) of the largest 25 % of non-edge clusters detected in each alloy (excluding 
Fe).  The standard error of the mean for each measurement is also provided.  N.B. Whilst the authors believe that 
the majority of the Fe detected in the clusters in Alloys C, G, and K is due to aberrations, it is included for 
reference for those who interpret the data differently. 

3.4. Grain Boundary Analyses 
Grain boundaries were detected in datasets from five datasets from Alloy C and one dataset 

from Alloy K.  The composition of the grain boundary regions varied from specimen-to-

specimen and between alloys.  However, Ni, P, Cu, and Si were observed to segregate to all 

of the grain boundaries. 

Figure 7 show the composition of the grain boundary regions analysed in Alloy C.  The 

composition of the grain boundaries in Alloy C contained more Ni, P, Cu, and Si than the 

nominal composition of the alloy.  All but one of the grain boundaries analysed in Alloy C had 

a higher Mn composition than the nominal composition. 

Alloy N Note Ni Mn Si Cu P Other Fe 

C 373/1493  58.5 ± 0.1 26.6 ± 0.2 12.4 ± 0.1 1.4 ± 0.0 0.2 ± 0.0 0.9 ± 0.0 46.2 ± 0.2 

G 23/92  54.0 ± 0.5 23.2 ± 0.8 19.5 ± 0.6 1.6 ± 0.1 0.8 ± 0.2 0.9 ± 0.1 46.3 ± 0.6 

K 151/606  71.4 ± 0.3 5.0 ± 0.2 20.4 ± 0.2 1.7 ± 0.1 0.3 ± 0.0 1.3 ± 0.1 43.4 ± 0.4 

RX12 17/70 

Exc. Fe 90.9 ± 1.6 1.3 ± 0.6 5.2 ± 0.8 0.7 ± 0.1 0.2 ± 0.1 1.7 ± 0.3  

Inc. Fe 52.7 ± 0.9 0.8 ± 0.3 3.0 ± 0.5 0.4 ± 0.1 0.1 ± 0.1 1.0 ± 0.2 42.0 ± 0.8 



 

Figure 7: Graph showing the measured composition (at. %) of the grain boundaries in Alloy C compared to the 
nominal composition (Fe is not shown for clarity). 

Table 5 contains the measured composition of the grain boundary sampled in Alloy K.  The 

grain boundary contained more C, Cu, Mn, Ni, P, Si, and Mo than the alloy’s nominal 

composition; Figure 8 shows this graphically. 

 

Element Composition (at. %) 

C 1.89 ± 0.08 

Cr 0.09 ± 0.01 

Cu 0.11 ± 0.00 

Fe 86.08 ± 0.56 

Mn 0.46 ± 0.04 

Mo 0.91 ± 0.03 

Ni 8.82 ± 0.30 

P 0.03 ± 0.00 

Si 1.60 ± 0.11 
Table 5: Composition (at. %) of the grain boundary sampled in Alloy K. 



 

Figure 8: Graph showing the measured composition (at. %) of the grain boundary in Alloy K compared to the 
nominal composition (Fe is not shown for clarity). 

4. Discussion 
4.1. Relationship Between Mechanical Property Changes and Clustering 

 

Figure 9: (a) Plot of √𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 of clusters detected in each alloy vs hardness change (HV). (b) Plot of 
Chemistry factor proposed by Almirall et al. 33 against cluster volume fraction for Alloys C, G, and K. 

There was a correlation between larger increases in hardness during irradiation and the 

formation of larger cluster volume fractions in Alloys C, G, and K (Figure 9 (a)).  The Russell-

Brown hardening model predicts that hardness will increase proportionally with the square 

root of Cu-rich precipitate volume fraction34 for obstacles of the same size and modulus 

(composition/structure).  However, even when Fe was included in the volume fraction 

calculations for alloy RX12, it did not appear to fit the same trend-line as the other three 

alloys.  The fact that the observed cluster compositions in RX12 differed significantly from 



the other three material conditions (significantly richer in Ni coupled with a potentially higher 

Fe content) may explain why it did not appear to fit the same trend-line as the other three 

alloys.   

Almirall et al. observed that a chemistry factor of 𝑁𝑖1.6𝑀𝑛0.8, where Ni and Mn are the mean 

measured composition of Ni and Mn in the APT datasets, correlated well with measured 

cluster volume fraction in a series of alloys that had been  irradiated to the same fluence as 

the specimens used in this study33.  Figure 9 (b) shows the relationship between the 

chemistry factor and cluster volume fraction for Alloys C, G, and K.  The data for RX12 was 

considered an outlier and not included in the model.  To permit direct comparison with the 

Almirall et al. paper, Fe was not included in the calculations for volume fractions used in this 

plot or the linear models fitted to the data.  Whilst the coefficients used by Almirall et al. 33 

(𝑉𝑓 = 0.13 + 0.29𝑁𝑖1.6𝑀𝑛0.8) fit the data in this study well, the least squares fit to the data 

had different coefficients (𝑉𝑓 = 0.14 + 0.26𝑁𝑖1.6𝑀𝑛0.8), with a slightly larger intercept and 

lower gradient.   

4.2. Fe Content of Clusters in RX12 
The majority of Fe detected within Cu-rich precipitates in APT experiments is thought to be 

the result of trajectory aberrations that arise due to a local magnification effect caused by the 

lower evaporation field of the Cu-rich precipitates, which are mainly comprised of Cu atoms, 

in comparison to the Fe-rich surrounding matrix35.  The evaporation field of pure Cu is 30 

Vnm-1 36 whilst pure Fe has a higher evaporation field of 35 Vnm-1 37.  The artefact of these 

trajectory aberrations can be seen in APT reconstructions whereby the apparent density of 

the Cu-rich precipitates is measured to be unphysically high and much higher than the 

surrounding matrix. 

Since the evaporation fields of Mn (30 Vnm-1) and Si (33 Vnm-1) are also lower than that of 

Fe9, it is expected that Mn-Ni-Si-rich precipitates may have a lower evaporation field than the 

surrounding matrix and will therefore be subjected to similar trajectory aberrations.  Indeed, 

atomic density maps within the reconstructed APT data revealed that the Mn-Ni-Si-rich 

clusters in Alloy C had a much higher density than the surrounding matrix (Figure 10 (a)).  

Correlative work has shown that APT experiments do overestimate the Fe content of Mn-Ni-

Si-rich precipitates15.  However, the exact degree to which APT overestimates the Fe 

content of these precipitates is still debated and is likely to be a function of precipitate size 

and composition. 



 

Figure 10: (a) Atom maps of Ni, Mn and Si atoms and density plot of atom map in Alloy C. (b) Atom maps of Ni, 
Mn and Si atoms and density plot of atom map in Alloy RX12.  (c) Graph of density of measured atoms per nm3 
against cluster radius (for radius ≥ 1 nm) – mean cluster density and overall dataset density is also plotted. 

As most of the clusters in RX12 contained low levels of Mn, Si, and Cu, it is possible that the 

impact of trajectory aberrations on these features would be significantly smaller.  Density 

plots of the APT reconstructions from RX12 revealed the clusters had a very similar density 

to the surrounding matrix (Figure 10 (b)).  In comparison, the mean density of atoms per unit 

volume within the clusters in Alloy C were significantly larger (p < 0.05) than the density of 

the atoms within the clusters observed in RX12.  In the case of Ni-rich precipitates, trajectory 

aberrations are unlikely to be as prevalent because pure Ni and Fe have a similar theoretical 

evaporation field (35 Vnm-1)37.  Due to the lack of density variations observed in RX12, the 

majority of the Fe detected in the clusters in these specimens is likely to be real and not an 

experimental artefact. 

Assuming that the Fe detected in the clusters in RX12 is real, the clusters have a mean 

composition of 54 Ni – 41 Fe – 5 Other (at. %).  This composition is near the transition 

between the FeNi and FeNi3 phase fields at 290 °C38.  A previous TEM/APT study has 

observed Fe3Ni precipitates in an ion-irradiated binary alloy39.  It is, therefore, reasonable 

probable that this study is the first to report that the formation of FexNiy-type features 

observed in this study have formed under neutron-irradiation in steels that contain low 

nominal levels of Mn and Si. The observation that these features can form in low Mn and low 

Si steels must be accounted for in lifetime prediction models of the RPV component. 



4.3. Effect of Size on Cluster Composition 
Figure 6 demonstrates that there was a larger variance in the measured composition of the 

smaller clusters in each alloy and that the mean Mn:Ni:Si ratio of the clusters changed for 

each size quartile. 

Due to the heterogeneous nature of the local composition of small volumes throughout the 

matrix in any material, cluster compositions are expected to display a degree of variance 

when clusters are in the early stages of formation.  This is due to two effects, one statistical 

and one physical. Firstly, at small cluster sizes, small variations in the number of atoms of a 

certain species in the cluster have a larger influence on the composition of the cluster than 

when there are many atoms in the clusters.  Therefore, the large degree of variance in the 

composition of the smaller clusters may be a result of small variations in the number of 

atoms of each species in the early-stage clusters.  Secondly, in the early stages of cluster 

formation, a cluster’s composition is expected to represent the composition of the region 

immediately surrounding the atoms which cluster together (since diffusion distances are 

small at low times).  As a result, there is likely to be a variation in the number of atoms of a 

certain species in each cluster when the clusters are small.  As the clusters grow, the range 

of cluster compositions was observed to decrease. 

Since cluster composition is likely to be influenced by the composition of the matrix region 

which immediately surrounds the cluster, early-stage clusters are unlikely to have a 

composition that is representative of a thermodynamically-stable phase.  As the clusters 

grow in size due to the diffusion of atoms from further away, the composition of the feature 

should tend towards a stable/metastable composition.  This may explain why the mean 

Mn:Ni:Si ratio and composition of the clusters changes as they increase in size. 

As it is expected that the larger clusters are more likely to be close to the thermodynamically 

stable composition of the clusters, the mean compositions for the largest 25 % of clusters is 

provided in Table 4. 

4.4. Effect of Nucleation Site on Composition 
Clusters were observed to have formed on heterogeneous nucleation sites in each of the 

alloys.  Despite it being possible to determine the nucleation site of clusters from atom probe 

data, it is uncommon to investigate if or how nucleation site influences cluster composition.  

Nucleation sites included grain boundaries, dislocations, and carbide-matrix interfaces.  The 

mean Mn:Ni:Si ratio of clusters detected on each nucleation site in samples C, G, and K is 

shown in Figure 11.  No significant difference in Mn:Ni:Si ratio was observed for clusters on 

different nucleation sites, except for clusters that had nucleated within a carbide in Alloy C.  

Since the composition of carbides are vastly different to the matrix composition, it is 

unsurprising that this observation was made. 

 



 

Figure 11: Gibbs triangles showing the mean M:Ni:Si ratio of clusters detected on each type of nucleation site for 
alloys C, G, and K. 

As the majority of the Fe detected within the RX12 clusters is not believed to be the result of 

aberrations, Gibbs triangles do not accurately represent the composition of the clusters.  

However, they do provide a suitable visualisation of the Mn:Ni:Si ratio within the clusters.  

Gibbs triangles showed there was a large fluctuation in the Mn:Ni:Si ratio of a cluster at one 

nucleation site in the RX12 samples.  The cluster, which contained large fractions of Mn and 

Si, was observed at the intersection point of two dislocations.  The cluster also contained a 

large number of P atoms (Figure 5 (b)).   

 

Figure 12: Gibbs triangle showing ratio of Mn:Ni:Si for clusters detected in RX12. 

 



This cluster was the largest detected in this alloy.  This may have been a result of the two 

dislocations acting as fast diffusion pathways, allowing more solute atoms to diffuse to this 

cluster than to other clusters during irradiation.  The Mn, Si, and P content of the cluster may 

be because this nucleation site was the most energetically favourable for these elements to 

coalesce around.  If this cluster was excluded from mean composition calculations, the 

clusters in RX12 contained almost no Mn, Si, or P. 

Thermodynamic models are often used to predict cluster volume fractions and equilibrium 

compositions in RPV steels 11,40.  It is, therefore, important that reported cluster compositions 

do not include those clusters that have formed within carbides, particularly if they are to be 

used to validate or inform models. 

No significant difference in cluster size was observed between the different nucleation sites 

in alloys C, G, and K.  However, a slightly higher number density of features was detected. 

4.5. Grain Boundary Segregation 
Solute segregation was observed to grain boundaries in six datasets.  Not only did the 

composition of grain boundaries vary between alloys, but some of the grain boundaries in 

Alloy C had significantly different compositions to one another.  This variation in the 

composition of grain boundaries in Alloy C may be a result of the grain boundaries being 

located near other microstructural features, such as carbides.  The grain boundaries 

observed in Alloy C that were spatially located near to carbides contained lower Mn and C 

levels than grain boundaries that were not located in close proximity (< 40 nm) to carbides.  

Another factor that may account for the variance in grain boundary compositions within Alloy 

C is each boundary’s physical structure. Similar variations in grain boundary segregation 

have been reported as a function of misorientation and plane in other steels41. 

Due to the dependence of grain boundary composition on physical structure and spatial 

location, it is likely that there is also variance in their composition prior to irradiation.  As no 

grain boundaries were characterised via APT in their as-received state, and because the 

physical structures of the majority of the boundaries in this study are unknown, it is not 

possible to say with confidence if or how the composition of the grain boundaries has 

changed during irradiation. However, there is a large degree of enrichment in comparison to 

the alloys’ nominal compositions, and previous grain boundary studies on RPV alloys have 

shown an enrichment in Ni, Si, Mn, and P after exposure to neutron irradiation42,43. 

However, Mn, Ni, Si, and P were present in higher concentrations at all of the grain 

boundaries than were present in the alloys, based on their nominal compositions.  This is 

consistent with the observations by Miller and Burke44.  

In Alloy C, the segregation behaviour of elements to the grain boundaries was 

heterogeneous in nature across the plane of the boundary.  Clear cluster formation can be 

seen on the grain boundary in Figure 13 (b).  Grain boundary segregation has sometimes 

been shown be non-uniform across the plane of the boundary45–48, although this is the first 

time that the phenomenon has been reported in neutron-irradiated alloys.  It is not known 

how this heterogeneous distribution of solute atoms across a grain boundary influences 

macroscale properties.  However, the knowledge that grain boundary segregation is not 

homogeneous across the plane of the grain boundary is of great importance, and must be 

accounted for when modelling grain boundary segregation under neutron irradiation. 

The variation in grain boundary composition for grain boundaries from the same alloy, and 

the large number of potential grain boundary structures that are present in a material, are 

two of the challenges associated with using APT data to create models that accurately 

predict changes in grain boundary chemistry during operation.  Other approaches, such as 



correlative STEM/transmission Kikuchi diffraction, may be better suited to characterising 

segregation levels to a large number of interfaces.  However, these techniques will not 

permit the structural nature of the grain boundary to be fully determined.  Furthermore, APT 

is the characterisation technique best suited to investigating and quantifying the distribution 

of solute atoms across internal interfaces.  This, more detailed, description of grain boundary 

segregation is crucial if a truly holistic understanding of the effect of grain boundary 

segregation on macroscale properties is to be achieved. 

 

 

Figure 13: Atom maps for Alloy C showing (a) dataset containing a grain boundary and (b) Planar view of the 
grain boundary showing the heterogeneous distribution of Mn and Ni atoms across the boundary. 

4.6. Effect of Alloy Composition 

The systematic variations in composition between the alloys permitted the effect of Ni, Mn 

and Si levels on the extent of clustering to be made.  Alloy C, which contained high levels of 

Mn, Ni, and Si had the highest number density and volume fraction of clusters after 

irradiation.  Alloy C also displayed the largest hardness increase after irradiation.   

Alloy G, which had a lower Ni level than Alloy C, had a much lower number density and 

volume fraction of clusters.  Meanwhile, Alloy K had a lower Mn content than Alloy C and the 

observed degree of clustering in Alloy K was lower than Alloy C.  Whilst one must be careful 

not to draw too strong conclusions from such small sample sizes, it appears as though 

increasing Ni and Mn levels are correlated with increased hardness changes, cluster number 

densities and volume fractions.  The effect of Si on cluster formation is less clear. 

The composition of the alloys also correlated with the composition of the clusters detected 

within the alloys.  The clusters in Alloy K had a stoichiometry very close to Ni3Si whilst the 

clusters in Alloys C and G had higher Mn contents, reflecting the higher Mn content of these 

alloys.  The clusters in RX12 had compositions between FeNi and FeNi3. 



5. Conclusions 
The formation of clusters in four alloys, with systematic variations in their nominal 

compositions, was characterised by APT after the alloys were irradiated to high fluence.  The 

main conclusions of this study can be summarised as follows: 

• The hardness of the alloys increased after irradiation.  The level of hardening was 

correlated with increased cluster volume fraction in three of the alloys.  The degree of 

precipitate formation in Alloys C, G, and K was consistent with those predicted 

(based on measured bulk composition) by models within the literature.   

• The hardening in RX12 appeared to follow a different trend to the other alloys; this 

may be a result of the clusters containing a high proportion of Fe. 

• The majority of the Fe detected in clusters in RX12 was unlikely to be the result of 

trajectory aberrations and should be included in compositional, volume fraction, and 

size calculations. 

• The evolution of cluster Mn-Ni-Si content with size was investigated and reported in 

neutron-irradiated RPV steels for the first time, the composition of clusters was found 

to vary between the smallest and largest quartile of clusters; likely due to cluster 

compositions tending more towards thermodynamically stable phases as they grow. 

• This study was the first to experimentally investigate the effect of nucleation site on 

cluster composition.  Nucleation site was not found to influence composition for the 

clusters nucleated within the matrix of Alloys C, G, and K.  However, the composition 

of clusters that nucleated within a carbide were significantly different to those that 

formed in the matrix of Alloy C. 

• Increased Ni and Mn levels were correlated with increased cluster number densities 

and volume fractions. 

• Grain boundary compositions were found to significantly vary from specimen-to-

specimen.  This demonstrates the importance of determining the physical structure 

and the spatial location, with respect to other microstructural features, of grain 

boundaries. 

• The distribution of solutes across the grain boundary was not homogeneous in the 

irradiated alloys, with clustering evident on the boundaries.  The application of APT to 

characterise the uniformity of segregation across internal interfaces is likely to be 

crucial if holistic models are to be produced. 
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9. Appendix 
The following equations were used to calculate cluster volume fraction (𝑉𝑓), cluster radius 

(𝑟), and number density (𝑁𝑑): 

1) Volume Fraction 

𝑉𝑓 = 100 ×
𝑁𝑅𝑎𝑛𝑔𝑒𝑑

𝐶𝑙𝑢𝑠𝑡𝑒𝑟 − 𝑁𝐹𝑒
𝐶𝑙𝑢𝑠𝑡𝑒𝑟

𝑁𝑅𝑎𝑛𝑔𝑒𝑑
𝐷𝑎𝑡𝑎𝑠𝑒𝑡  

Where 𝑁𝑅𝑎𝑛𝑔𝑒𝑑
𝐶𝑙𝑢𝑠𝑡𝑒𝑟 is the number of ranged atoms in all of the clusters, 𝑁𝐹𝑒

𝐶𝑙𝑢𝑠𝑡𝑒𝑟 is the number of 

Fe atoms detected in all of the clusters, and 𝑁𝑅𝑎𝑛𝑔𝑒𝑑
𝐷𝑎𝑡𝑎𝑠𝑒𝑡 is the total number of ranged atoms in 

the dataset. 

2) Cluster Radius 

𝑟 =  (
3𝑉𝐶𝑙𝑢𝑠𝑡𝑒𝑟

4𝜋
)

1
3⁄

 

Where 𝑉𝐶𝑙𝑢𝑠𝑡𝑒𝑟 is the volume of the cluster and is determined as follows: 

𝑉𝐶𝑙𝑢𝑠𝑡𝑒𝑟 =
𝑁𝑅𝑎𝑛𝑔𝑒𝑑

𝐶𝑙𝑢𝑠𝑡𝑒𝑟 − 𝑁𝐹𝑒
𝐶𝑙𝑢𝑠𝑡𝑒𝑟

𝜂 × 𝜌𝛼−𝐹𝑒
 

Where 𝑁𝑅𝑎𝑛𝑔𝑒𝑑
𝐶𝑙𝑢𝑠𝑡𝑒𝑟 is the total number of ranged atoms in a cluster, 𝑁𝐹𝑒

𝐶𝑙𝑢𝑠𝑡𝑒𝑟 is the number of Fe 

atoms detected in the cluster, 𝜂 is the detection efficiency of the instrument used, and 𝜌𝛼−𝐹𝑒 

is the number of Fe atoms expected per cubic metre in 𝛼 − 𝐹𝑒. 

 

3) Number Density 

𝑁𝑑 =
𝑁𝐶𝑙𝑢𝑠𝑡𝑒𝑟𝑠 𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑 − (0.5 × 𝑁𝐸𝑑𝑔𝑒𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑)

𝑉𝐷𝑎𝑡𝑎𝑠𝑒𝑡
 

Where 𝑁𝐶𝑙𝑢𝑠𝑡𝑒𝑟𝑠 𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑 is the number of clusters detected in the dataset, 𝑁𝐸𝑑𝑔𝑒𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑 is the 

number of detected clusters that intersect the edge of the analysed volume, and 𝑉𝐷𝑎𝑡𝑎𝑠𝑒𝑡 is 

the volume of the reconstructed dataset. 𝑉𝐷𝑎𝑡𝑎𝑠𝑒𝑡 was calculated using the equation: 

𝑉𝐷𝑎𝑡𝑎𝑠𝑒𝑡 =
𝑁𝑅𝑎𝑛𝑔𝑒𝑑

𝜂 × 𝜌𝛼−𝐹𝑒
 

Where 𝑁𝑅𝑎𝑛𝑔𝑒𝑑 is the total number of ranged atoms in the dataset, 𝜂 is the detection 

efficiency of the instrument used, and 𝜌𝛼−𝐹𝑒 is the number of Fe atoms expected per cubic 

metre in 𝛼 − 𝐹𝑒. 
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