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ABSTRACT 

 

Ion irradiation has been used to investigate the radiation-induced precipitation of 

nanoclustering and changes in mechanical properties of commercial-grade T91 ferritic-

martensitic steel irradiated with Fe4+ ions up to 4.10 dpa at 301 – 311 oC. Atom probe 

tomography was used to analyse the microstructure segregation and cluster formation, while 

nanoindentation was used to measure the change in mechanical properties. At 0.12 dpa, Si/P-

rich clusters formation is observed. At 1.76 dpa, Mn, Ni and Si -rich precipitates (MNSP) are 

observed with a composition range that is distinctly different than the typically cited G-phase. 

The MNSP number density is similar to that from prior neutron irradiation studies at similar 

temperatures. Segregation of such species to dislocation loops and lines is also discussed. The 

hardness increases with dose up to 1.83 dpa before levelling off when irradiated above 1.83 

dpa. Comparisons are made between the observed microstructural and mechanical property 

changes as a function of ion irradiated dose. The use of APT and nanoindentation, when applied 

in tandem, have shown to provide an insight into how radiation-induced microstructural effects 

can explain the observed changes in mechanical properties. 

 

1. INTRODUCTION 

 

Correct structural material selection is vital to the operation, safety and economics of any future 

nuclear fission or fusion reactor. The selection of any structural material relies on 

understanding the neutron-induced degradation during operation [1]. T91 ferritic-martensitic 

steel, also known as ASTM Grade 91 or Mod 9Cr-1Mo, is a candidate structural material for 

sodium-cooled and lead-cooled fast reactors (also known as Generation IV nuclear reactors). 

Microstructural and microchemical evolution is driven by neutron irradiation [2]. 

Characteristic microstructural features that result from neutron irradiation of T91 steel are the 

formation of Mn, Ni and Si -rich precipitates (MNSP) [3–8] (also known as G-phase 

Mn6Ni16Si7), Cr-rich alpha prime (α’) formation [4,7,9–11], voids [12] and solute segregation 

towards dislocations [13–15]. These features are a resultant of radiation-induced precipitation 

and radiation-enhanced diffusion mechanism [16]. All of these features form in response to the 

irradiation and degrade the material properties [17,18], which is clearly of concern for the safe 

operation of any component in-service. 
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However, conducting neutron irradiation experiments is time consuming (months to years), 

expensive (hundreds of thousands to millions of US dollars) and produces radioactive 

materials. Thus, charged particle irradiation is a technique that has been developed for the 

simulation of neutron irradiation [19] and/or has become a surrogate for neutron irradiation 

[20]. Ion irradiation experiments have the added benefit that they induce little or no long-term 

radioactivity [21], they are low cost and generally quick (experiments can be done within a few 

hours). In general, it is not possible to accelerate irradiation damage to match that of neutron 

irradiation observed in nuclear reactors [22]; however, some researchers have introduced a 

"temperature shift” [23,24] to compensate for the large difference between ion (~ 10-3 – 10-6 

dpa/s) and neutron dose rates (~ 10-7 – 10-9 dpa/s). Although, the effectiveness of this 

‘temperature shift’ method to mimic neutron irradiation damage has been contested [22], it 

remains a topic of active investigation. Nevertheless, within this study, heavy ions will be used 

as it is a useful experimental tool for fine control of fundamental scientific studies on the 

microstructure and mechanical properties caused by ion irradiation. 

 

It is known that ⍺’ does not nucleate under self-ion irradiation of Fe-Cr (9-12 wt% Cr) based 

alloys unless the flux is ~< 1010 ions/cm2/s [25]. Previous studies on heavy ion and proton 

irradiated T91 steels [26–28] have reported segregation of Cr, Si and Ni to dislocations, grain 

boundaries and matrix interfaces. Wharry and Was [29] produced a systematic study using 

Scanning Transmission Electron Microscopy (STEM) and energy dispersive x-ray 

spectroscopy (EDX) on the proton irradiation of T91 steel over a 300 – 700 oC temperature 

range, which revealed a peak in radiation-induced segregation (RIS) of Ni, Si and Cu between 

400 – 500 oC. Mn-Ni-Si clusters have also been observed with atom probe tomography (APT) 

in T91 steel when subjected to proton-irradiation at 400 and 500 oC [27]. These studies reported 

that Cr, Si, Ni and Cu enrichment occurs at prior-austenite grain boundaries; however, it was 

not attempted to deconvolute the synergies that were at play (temperature, dose, dose-rate, ion 

species etc.), as it was beyond the scope of the study. 

 

Pareige et al. [3] confirmed that Cr, Si and P clusters were formed by the radiation-induced 

segregation (RIS) and radiation-induced precipitation mechanisms, rather than a 

thermodynamic mechanism. Model Fe-9Cr alloys were used with varying controlled impurities 

of Si, P and Ni. It was suggested that P played a significant role in the appearance and 

stabilisation of point defect clusters. It is these clusters that are thought to act as nucleation 

sites for Ni, Si and Cr. Gómez-Ferrer et al. [30] further investigated Mn-Ni-Si clusters in model 

Fe-9Cr alloys to determine whether they are formed by irradiation or thermodynamics. APT 

was used to investigate the chemical segregation of Fe-9Cr model alloys irradiated with 5 MeV 

Fe2+ to 0.1 and 0.5 dpa at 300 oC. These model alloys had a controlled set of alloying additions 

(P, Ni and Si). The authors suggested that P was a faster diffuser than Ni and Si. It is worth 

noting that P precipitated up to 0.1 dpa dose and  sequentially saturated in number density 

beyond this dose. This migrating P can be captured by substitutional P within the Fe matrix, 

forming a stable complex [31] which can act as a nucleation point for further clustering. At an 

increased dose (0.5 dpa), P, Ni and Si were shown to preferentially cluster together. These 

studies used model alloys to understand the fundamental influence of P, Ni and Si to the RIS 

mechanisms, which could underpin the understanding of Mn-Ni-Si clusters in real-world steels. 

Therefore, it then naturally follows to investigate the clustering dependence on irradiation dose 

on such a commercially used steel. Refs [3,30] did not include any Mn alloying addition and it 
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is known for T91 steel that Mn clusters with Ni and Si [3–8] to form MNSPs [3–8,32,33]. In 

terms of specific issues in commercial Fe-Cr systems requiring greater examination, the role 

of Mn, Ni, Si and P in T91 steel has not been studied at single specific temperature across a 

range of ion irradiation doses to understand the role of each solute and impurity atoms have on 

the evolution of the microstructure. The majority of similar investigations [3,30] have looked 

at model Fe-Cr alloys to isolate each segregating element under low doses. Gómez-Ferrer et 

al. [30] observed Ni clustering in their APT data after heavy ion irradiation to 0.5 dpa at 300 
oC, but did not see any clustering below this dose value. Most Fe-Cr-based commercial alloys, 

such as T91, have been known to form MNSP under both neutron [3,4,8,28,33–38] and proton 

irradiation [3,26,27,29,39,40]. 

 

Furthermore, Davis et al. (2020) [33] have shown that parallels can be drawn between the 

understanding of precipitation in reactor pressure vessel (RPV) steels (low alloy ferritic-

bainitic steels [41–49]) and Fe-Cr based alloys (T91, HT9 etc) [1,2,27,50]. The major 

differences between RPV steels and Fe-Cr steels are that the latter’s solute contents (Ni, Si, 

Mn, etc.) are typically much less and latter’s neutron irradiation environmental conditions 

experience higher doses (>10 dpa) and temperatures (300 – 550 oC). Thus, embrittlement at 

high doses suggests that solute segregation to and heterogeneous nucleation on dislocations 

could be the cause of clustering rather than solute supersaturation (since the solute contents in 

Fe-Cr are low) [46,49,51–54].  

 

Therefore, the objectives of this study are: 

 

1) To use APT and nanoindentation techniques to investigate the role and segregation of 

Mn, Ni, Si and P in self-ion irradiated T91 ferritic-martensitic steel; 

2) To conduct the study at a single temperature and only vary the irradiation dose; 

3) To investigate any links between MNSPs and noted changes in mechanical properties. 

 

2. EXPERIMENTAL METHOD 

 

2.1. GRADE 91 FERRITIC-MARTENSITIC STEEL 

 

For the material to be classified as ‘Grade 91’, it must meet the aforementioned international 

standards depending on manufacturing route taken. 80kg of ASTM F91 A182-16a (cast number 

381056) was purchased from Abbey Forged Products Ltd, United Kingdom, for all material 

used in this study (and for future studies). ASTM A213 T91 was not chosen because the thin-

walled tube geometry was impractical, thus two forged F91bars (⌀78 mm by 1000 mm) were 

delivered to the Department of Materials, University of Oxford. The steel hereon will be 

referred to as ‘T91’, as commonly stated in the extensive literature (regardless of 

manufacturing form) due to its primary application as tubing for fuel cladding and heat 

exchangers. The as-received (AR) steel was normalised at 1040 oC, tempered at 730 oC and air 

cooled. In accordance with the British Standard EN 10204.3.1, the mechanical testing resulted 

in: 599 MPa 0.2% proof stress, 689 MPa tensile stress, 21% uniform elongation, and 220 HV 

hardness. The manufacturer’s bulk and this study’s APT-measured composition are given in 

Table 1. The composition and mechanical testing confirmed that the steel met the ASTM A213 

standard. For the ion irradiations, ⌀3 mm by 1 mm discs of T91 steel samples were produced 
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by electrical discharge machining and polished to a mirror finish by standard polishing 

techniques using silicon carbide grinding papers, diamond polish and a colloidal silica 

suspension. AR T91 analysed by APT had received the same thermal history aforementioned. 

The motivation for this was to eliminate whether Mn-Ni-Si clustering is thermally activated, 

rather than irradiation enhanced. 

 

Table 1: The measured bulk composition (wt. % and at. %) and averaged matrix APT 

composition measurement and the corresponding standard deviation (at. %) of ASTM F91 

A182-16a. The APT composition and associated errors were based on the difference between 

multiple mass spectrum ranges.  

 

 T91 steel composition  

 C Mn P S Si Cr Mo Nb Cu 

Bulk (wt %) 0.105 0.420 0.017 0.020 0.370 8.620 0.920 0.070 – 

Bulk (at %) 0.483 0.422 0.030 0.034 0.727 9.151 0.529 0.042  

APT matrix (at %) 
0.04 ± 

0.01 

0.41 ± 

0.01 

0.07 ± 

0.01 
– 

0.93 ± 

0.01 

7.98 ± 

0.09 

0.46 ± 

0.04 
– 

0.02 ± 

0.01 

 N Al V Ti Zr Ni Co Fe  

Bulk (wt%) 0.049 0.01 0.212 0.002 0.005 0.250 – Bal.  

Bulk (at %) 0.191 0.020 0.230 0.002 0.003 0.225  Bal.  

APT matrix (at %) – 
0.02 ± 

0.01 

0.07 ± 

0.01 
– – 

0.47 ± 

0.01 

0.01 ± 

0.01 

89.5 ± 

0.17 
 

 

2.2. ION IRRADIATION 

 

The ion irradiation was conducted using the Dalton Accelerator for Nuclear Experiments 

(DAFNE) at the Dalton Cumbrian Facility, University of Manchester, United Kingdom [55]. 

DAFNE is a 5 MV tandem Pelletron ion accelerator which uses a Source of Negative Ions by 

Caesium Sputtering (SNICS) to produce Fe ions with a 4+ charge state. The stage charge was 

measured by an isolated wire which was attached to the target stage. The ion flux (in 

ions/cm2/s) was calculated by the following expression: 

 

𝜙 =
𝐼

𝜀𝑞𝐴
  (1) 

 

where 𝐼 is the current on the specimen target stage in Coulombs/s, 𝜀 is the charge state, 𝑞 =
1.602 × 10−19 C, and 𝐴 is the beam area. 

 

The T91 discs prepared were subjected to two ion irradiating conditions: low and high dose. 

The ‘low dose’ experiment was irradiated with 5 MeV Fe4+ ions that had a 4.8×1011 ions/cm2/s 

flux and a 3.5×1014 ions/cm2 fluence at 301.1 ± 2.3 oC (average temperature over the 

experiment). This yielded an irradiation damage of 0.1 dpa at a depth of 240 nm from the 

surface, as calculated using the Stopping and Range of Ions in Matter (SRIM) 2008 software 

[56]. The beam spot size was 4.7 ± 0.5 cm2, with the beam rastered during the irradiation, with 

a total deposited charge on the sample of 1.097 ± 0.010 mC. The ‘high dose’ experiment was 

irradiated with Fe4+ ions that had a 4.4×1011 ions/cm2/s flux and a 6.5×1015 ions/cm2 fluence at 
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311.9 ± 5.2 oC (averaged over the experiment), which was 1.83 dpa at 240 nm depth from the 

surface. The beam spot size was 6.50 ± 0.5 cm2 and the beam was rastered during the 

irradiation, with a total sample charge of 27.010 ± 0.010 mC. Best efforts were made to 

maintain the temperature at the target of 300 oC for both doses, and to keep a uniform ion flux. 

The SRIM calculation followed the recommendations provided by Stoller et al. [57]; ‘Quick 

Kinchen-Pease calculation’ was selected, displacement damage threshold values were selected 

from the ASTM E521 standard [58], and the lattice binding energy set to zero. The 

displacements-per-atom (dpa) per second per ion penetration depth (in µm) was calculated by 

the following expression: 

 

dpa/s/µm = 
𝜈𝜙

𝑁𝑓
  (2) 

 

where 𝜈 is the displacements per ion, as discussed in Ref [57], 𝜙 is the ion flux (ions/cm2/s) 

calculated by eq. 1 and 𝑁𝑓 is the number density as a function of penetration depth (in µm).  

 

2.3. ATOM PROBE TOMOGRAPHY 

 

The majority of atom probe analysis was conducted with a CAMECA LEAP® 5000 XR at the 

Department of Materials, University of Oxford, with supplementary experiments targeting 

grain boundaries on a CAMECA LEAP® 3000X HR at the Department of Materials Science, 

Montanuniversität Leoben. Atom probe specimens were prepared by the lift-out technique [59] 

using a Zeiss NVision 40 Focused-Ion Beam (FIB) Scanning Electron Microscope (SEM). 

Cleaning of the specimens was performed on all samples using 2 kV Ga ions to minimise FIB-

induced damage. All atom probe samples had tip diameters that were approximately between 

50-100 nm. For samples prepared in Leoben, matchsticks (~0.5 mm diameter) of AR T91 were 

electropolished using 25% perchloric acid in acetic acid. Finished specimens were transferred 

to a ThermoFisher Versa 3D dual-beam FIB system to determine if any grain boundaries were 

suitably close to the tip (within ~200-300 nm). Where present, Ga-ion sharpening was used to 

locate identified boundaries closer to the actual tip apex, and to shape the final sample. 

Transmission Kikuchi diffraction (TKD) scans were carried out between each milling step to 

determine the grain boundary misorientation angles. There was no need to change stage tilt or 

rotation, since suitable patterns were obtained in the same position as used for milling, ensuring 

fast, repeated scanning. The patterns were recorded with an EDAX Hikari XP electron 

backscatter diffraction (EBSD) system at an acceleration voltage of 30 kV. Data analysis was 

conducted using the software OIM Analysis 7 from EDAX. All suitable APT samples were 

analysed at a stage set-point temperature of 50-55K. A voltage pulse fraction of 20% was 

selected with a pulse rate of 200 kHz and the average detection rate was set to 0.5 %. For 

specimens prepared with grain boundaries, laser pulsing was used to improve yield, running at 

a pulse energy of 0.6 nJ and a rate of 160 kHz. CAMECA IVAS® 3.8.4 was used to reconstruct 

all atom probe datasets used within this study. Calibration of the final reconstructed APT maps 

used SEM micrographs/TKD orientation maps of the final tip shape and crystallographic pole 

indexing. 

 

Searching for Mn-Ni-Si clusters within APT datasets was performed by using the maximum 

separation method [60] and the core-link method [61] with the following parameters 
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(averaged): DMAX = 0.7 nm, Order = 6, NMIN = 22 and Derosion = 0.35 nm. These parameters 

were optimised following the method outlined in [62]. The average volume, size, number 

density, composition and volume fraction of clusters were calculated using the solute ions (Mn, 

Ni and Si). The number density of clusters, 𝑁𝑑, was calculated by the following equation: 

 

𝑁𝑑 =
𝑁𝐶𝑙𝑢𝑠𝑡𝑒𝑟𝑠𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑−

1

2
𝑁𝐸𝑑𝑔𝑒𝐶𝑙𝑢𝑠𝑡𝑒𝑟𝑠

𝑉𝐷𝑎𝑡𝑎𝑠𝑒𝑡
         (1) 

 

where 𝑁𝐶𝑙𝑢𝑠𝑡𝑒𝑟𝑠𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑, is the number of clusters within the analysed reconstruction, 

𝑁𝐸𝑑𝑔𝑒𝐶𝑙𝑢𝑠𝑡𝑒𝑟𝑠 is the number of clusters at the edge of the reconstruction, and 𝑉𝐷𝑎𝑡𝑎𝑠𝑒𝑡 is the 

volume of the reconstruction dataset (in m3). Edge clusters were detected and removed using 

the algorithm developed by Jenkins et al. [63]. The volume of the dataset was determined by: 

 

𝑉𝐷𝑎𝑡𝑎𝑠𝑒𝑡 =
𝑁𝑅𝑎𝑛𝑔𝑒𝑑 Ω

η
          (2) 

 

where Ω is taken as the volume of one body-centred cubic Fe atom (1.178 ×10-2 nm3), 𝑁𝑅𝑎𝑛𝑔𝑒𝑑 

is the number of ions ranged in a APT dataset and 𝜂 is the detection efficiency of the atom 

probe instrument used (37% and 52% for the LEAP® 3000X HR and LEAP® 5000 XR, 

respectively). It was assumed that the cluster number density sampled by APT analysis would 

have a Poisson distribution, thus the error follows 𝜎(𝑁𝑑) = √𝑁𝑑. The volume of each cluster 

was assumed to be spherical and with the atomic density of bcc-Fe. The volume fraction, 𝑓, of 

the Mn-Ni-Si clusters was calculated by: 

 

𝑓 =  
𝑁𝑅𝑎𝑛𝑔𝑒𝑑

𝐶𝑙𝑢𝑠𝑡𝑒𝑟 −𝑁𝐹𝑒
𝑅𝑎𝑛𝑔𝑒𝑑

𝑁𝑇𝑜𝑡𝑎𝑙
           (3) 

 

where 𝑁𝑅𝑎𝑛𝑔𝑒𝑑
𝐶𝑙𝑢𝑠𝑡𝑒𝑟 is the number of ranged atoms within all clusters, 𝑁𝐹𝑒

𝑅𝑎𝑛𝑔𝑒𝑑
 is the number of 

ranged Fe in all clusters and 𝑁𝑇𝑜𝑡𝑎𝑙 is the total number of ranged atoms within the dataset.  

 

Steels that have Ni and Si alloying additions contain mass-spectra peak overlaps on the 29 Da 

peak for 58Fe2+, 58Ni2+ and 29Si1+. The APT mass-spectrum chemical identification is user 

defined to each peak. Thus, the overlap at 29 Da could potentially be incorporated within 

MNSPs. In this work, all cluster compositions include the 29 Da peak and are labelled as 58Ni2+ 

(and not 29Si1+ as the isotopic ratios for neighbouring peaks did not match natural levels), and 

this method has been used in previous studies [33,64,65]. Fe ions are also removed from all 

cluster calculations based on previous methods [64,65]. 

 

2.4. NANOINDENTATION 

 

An Agilent G200 nanoindentor was used to measure hardness by indenting a colloidal-silica 

polished T91 steel surface to a 2 µm indentation depth at room temperature (21 oC). A 

continuous stiffness measurement system with a 2 nm 39 Hz harmonic displacement was used 

to measure the modulus and hardness as a function of indentation depth. A Berkovich tip was 

used and the tip area coefficients were calculated from the average load-displacement data of 

sixteen 2 µm indents into fused silica. Thus, using the known area function and contact stiffness 
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as a function of tip displacement, the hardness of T91 steel was calculated as a function of tip 

displacement. 

 

3. RESULTS 

 

3.1. AS-RECEIVED (AR) T91 STEEL 

 

The matrix volume composition reported by the atom probe reconstructions for the as-received 

T91 steel is found in Table 1. A typical atom probe reconstruction volume of AR T91 steel is 

shown in Figure 1. This ion map shows two grain boundaries decorated with P, Mn, Si, Mo 

and C, as expected due to the typical normalisation and tempering treatments for this type of 

steel. Analysis of the grain boundaries using TKD and APT is shown in Figure 2. The 38o 

boundary was likely a prior-austenite grain boundary due to the impurity level, whereas the 50o 

boundary was likely a martensite lath. No visual clustering of Si, Mn, Ni, Cu, Cr, Mo, or V 

was detected within the APT data, while prior-austenite grain boundaries were slightly enriched 

with P, Mo, Ni and C, which was expected for ferritic-martensitic steels. These AR solute 

microstructure details provide a useful baseline for the starting microstructure before 

irradiation.  Finally, the AR T91 steel nanoindentation hardness was found to be 4.08 ± 0.25 

GPa (calculated between 230 to 250 nm load-displacement curve), which is shown within a 

later figure under the irradiation results section (see Figure 8). 

 

 
 

Figure 1: Atom probe reconstructions of as-received T91 steel, showing segregation of Mn, Si, 

Ni and P species to a grain boundary and a Mo-based carbide. 

 

50 nm

g.b.

Carbide

Cr Mn Si Ni Mo C P Cu
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Figure 2: AR T91 steel grain boundary analysis. The distances from the tip’s apex is provided 

to give scale of the grain boundaries. The 38o boundary was likely a prior-austenite grain 

boundary due to the increase in solute atoms (Mo, C and Ni), whereas the 50o boundary was 

likely a martensite lath (due to the no observed increase in C and P). The dotted vertical lines 

on the concentration profiles represent the relevant position of the grain boundaries (white 

dotted lines) in the APT dataset. 

 

3.2. ION IRRADIATION DAMAGE PROFILES 

 

The ion irradiation dose (dpa) damage profiles as a function of depth from the surface were 

calculated by equation (1) for both ‘low’ and ‘high’ dose irradiation experiments and are shown 

in Figure 3. The irradiation dose (dpa) was taken as the average between 200 nm to 250 nm 

depth from the surface. To capture the low dose ion irradiation microstructural effects in APT, 

careful FIB milling was performed 100 nm below the irradiated surface. This region was 

damaged to 0.12 dpa, according to the ion damage profile in Figure 3. The motivation behind 

this was to determine whether Si/P plays a significant role during the initial irradiation stages 

during 5 MeV Fe2+ ion irradiation at 300 oC.  

 

APT reconstructions of the T91 steel ion irradiated to the ‘low’ and ‘high’ doses are shown in 

Figure 4 (a)-(c). The range of dose damages examined can be explored by selecting specific 

depths from the sample surface for APT analysis, as damage is strongly dependent on 

irradiation depth. P/Si-rich clusters can be seen after irradiation to 0.12 dpa at 301.1 ± 2.3 oC 
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in Figure 4 (a). The formation of P/Si-rich clusters is further revealed by a 1.0 % at. P 

isoconcentration surface and corresponding proxigram, as shown in Figure 5. The extent of P 

segregation to clusters is between 3 and 4 at % at the core, which is significant considering the 

0.065 at% P in the bulk, as shown in Table 1. 

 

MNSP are a defining irradiation-induced feature in ferritic-martensitic steels (such as T91 

steel) and are observed in Figure 4 (b) and (c) APT reconstructions for increased irradiations 

of 2.62 dpa and 4.1 dpa. By visual inspection of the reconstruction, these MNSP were enriched 

with P, but no Cu. MNSPs were not detected below a dose of 1.76 dpa, indicating there was a 

threshold value of dose.  The average MNSP composition as a function of irradiation dose can 

be seen in Figure 6 on a Mn, Ni and Si ternary projection of a Fe based phase, and the 

composition values were calculated using the method outlined in Section 2.3. The average 

volume fraction, size, number density, cluster diameter and cluster composition are found in 

Table 2, and the methods used to calculate these values is outlined in Section 2.3.  

 

The presence of dislocation loops was observed by Si decoration in the 1.0 at % Si 

isoconcentration surface shown in Figure 7. The dislocation loops had an average diameter of 

13 nm ± 3 nm. 

 

The nanohardness of the T91 steel, measured as a function of irradiated dose, is shown in Figure 

8. Thus, the ‘low’ dose nanoindentation depth value was measured at 0.10 dpa and the ‘high’ 

dose nanoindentation depth value measured at 1.81 dpa. The nanohardness increase from AR 

condition to 0.10 dpa and 1.83 dpa was 13.1 % and 21.4 %, respectively. The exact 

nanohardness values for 0 dpa, 0.10 dpa and 1.83 dpa was 4.1 ± 0.3 GPa, 4.6 ± 0.2 GPa, and 

5.1 ± 0.3 GPa, respectively. 
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Figure 3: The Fe4+ heavy ion irradiation damage profiles of T91 steel as a function of depth 

at temperatures of 301.1 ± 2.3 oC (low dose, where the dpa was 0.1 dpa at 240 nm depth) and 

311.9 ± 5.2 oC (high dose, where the dpa was 1.83 dpa at 240 nm depth).  
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Figure 4: APT point cloud data from a dose range of T91 steel Fe4+ ion irradiated to (a) 0.12 

dpa at temperatures of 301.1 ± 2.3 oC for the ‘low’ dose and to (b) 2.62 dpa and (c) 4.1 dpa at 

311.9 ± 5.2 oC for the ‘high’ dose. 
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Figure 5: Proxigrams of 1.0 at.% P isoconcentration surface from P/Si enrichment clusters, as 

shown in Figure 4(a) at 0.12 dpa.  

 

 

 
 

 

Figure 6: The Mn-Ni-Si cluster composition (in at%) for each ion irradiation dose represented 

Mn, Ni, and Si ternary projection of a Fe based phase diagram. The size of the data point is 

scaled to the MNSP average volume (nm3) per APT dataset and values are in Table 2. The 'G-

phase' stoichiometric phase has been provided for reference.  
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Figure 7: a) Segregation of Si to a dislocation loop in T91 steel irradiated to 2.62 dpa at 311.9 

± 5.2 oC. b) 1D line profile of the concentration (at%) across the cylinder in a) highlighting 

the silicon enrichment.  

 

 

 

 

 

Figure 8: Nanoindentation hardness of the AR T91 steel and ion irradiated T91 steel to 0.10 

and 1.83 dpa. 
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Table 2: The average diameter, volume, volume fraction, and composition of MNSPs as a 

function of ion irradiation dose at 311.9 ± 5.2 oC. The composition of the clusters is plotted in  

Figure 6. 

 

 MNSP (only solute ions, excluding Fe)  

Ion 

dose 

(dpa) 

Number 

Density (#/m3) 

Average 

Diameter 

(nm) 

Average 

Volume 

(nm3) 

Volume 

fraction (%) 

Mn (%) Ni (%) Si (%) 

1.76 (2.7 ± 0.5) 1023 2.4 ± 0.2 8.5 ± 2.5 0.17 ± 0.05 13.3 ± 3.4 36.7 ± 10.6 50.0 ±13.4 

1.93 (2.4 ± 0.5) 1023 1.3 ± 0.4 17.1 ± 5.0 0.41 ± 0.10 10.9 ± 1.6 42.0 ± 2.3 47.1 ± 2.7 

2.62 (1.4 ± 0.5) 1023 2.4 ± 0.4 23.4 ± 5.0 1.80 ± 0.15 9.2 ± 4.1 33.9 ± 5.7 56.9 ± 7.8 

3.07 (1.8 ± 0.5) 1023 2.0 ± 0.4 6.2 ± 3.0 0.26 ± 0.10 10.1 ± 4.9 27.3 ± 13.1 62.6 ± 17.3 

4.10 (1.1 ± 0.5) 1023 4.0 ± 0.4 15.2 ± 5.0 0.33 ± 0.10 10.6 ± 4.5 39.5 ± 7.7 49.9 ± 8.3 

 

4. DISCUSSION 

 

The primary aim of this study was to investigate the role that minor alloying elements and 

impurities have on a real-world nuclear-grade steel, such as T91 steel. Multiple AR T91 steel 

atom probe reconstructions were analysed, with the typical resulting microstructures shown in 

Figure 1 and Figure 2, which showed no visual clustering of solute elements The AR results 

shown in this study provide the baseline microstructure before any comparison can be made 

once exposed to ion irradiation. Any changes to the grain boundaries and matrix regions can 

thus be attributed to exposure to ion irradiation rather than thermal effects on their own. 

 

The results shown in Figure 4(a) and Figure 5 indicate that at 0.12 dpa, Si/P segregate and form 

clusters, in agreement with the work of Gómez-Ferrer et al. [30]. RIS is the likely mechanism 

behind the segregation, as it was confirmed that no clustering of P and Si was observed in the 

AR T91 material undergoing the same heat treatment,  as shown in Figure 1. This is also in 

agreement with previous studies on the role of P and Si at low heavy ion doses in steels [3]. No 

segregation of Ni was observed at these low doses, which is also in agreement with similar 

studies on Fe-15Cr alloys by Gómez-Ferrer et al. [30]. The findings within the study suggest 

that the low dose irradiation dynamics are dominated by P and Si and is independent of whether 

the material is a model Fe-Cr alloy or a commercial-grade Fe-Cr steel. This systematic study 

of ‘low’ dose ion irradiation at a single temperature has shown that both P and Si dominate the 

early stages of segregation and clustering. These clusters could provide the nucleation sites for 

the MNSP observed at high doses, as discussed in the next sections. 

 

Regarding nucleation sites for MNSP, it should be noted that Cu impurities were detected in 

all APT datasets, however, no evidence of clustering was observed. The role of Cu clustering 

under neutron and ion irradiation within Fe-Cr and RPV steels has been observed and has been 

shown to play a significant role in the nucleation of MNSPs [33,34,42,46,66]. 

 

MNSPs were observed once the irradiation dose surpassed 1.76 dpa, with the composition (as 

a ratio between Mn-Ni-Si) shown in Figure 6 and listed in Table 2. For increasing ion 

irradiation dose, the average diameter of MNSPs grew from 2.4 nm to 4.0 nm, as shown by the 
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data in Table 2. The average volume size and volume fraction appear to be uncorrelated, while 

the overall composition of the cluster population remains approximately constant rather than 

tending towards the theoretical ‘G-phase’ composition, and is a similar to a recent finding in 

neutron irradiated T91 steel [33] . The MnSi(Ni) phase field ranges from Si0.5MnxNi(1-x) where 

x varies from ~0.1 to 0.25, as calculated by Xiong et al [47].  

 

The Mn, Ni, Si and P solute evolution is similar to that observed in model Fe-Cr alloys with 

P/Si/Ni impurities used to study their individual effects [3,30]. However, the Fe-Cr binary alloy 

investigated within those studies did not contain Mn, an alloying element that has shown clear 

influence on the formation of MNSP in Fe-Cr and RPV steels. Wharry et al. (2011) [27] 

reported that the MNSP number density was between 5 – 7 ×1022 m-3 with a diameter of 3-5 

nm in 2 MeV proton irradiated T91 steel for up to 10 dpa at 400 oC. The number density 

reported within this study is 1.1 – 2.7×1023 m-3 with an average diameter 1.3 – 4.0 nm (Table 

2). The major difference between these two studies is Wharry et al. conducting the experiment 

at 400 oC whereas this study was conducted at 311.9 ± 5.2 oC; as expected with an increase in 

temperature, the number density of the MNSP would decrease due to the increase in the rate of 

solute diffusion. Furthermore, the MNSP number density (1.1 – 2.7×1023 m-3), average radii 

(0.65 – 2 nm), and volume fraction (0.17 – 0.41 %), if the value at 2.62 dpa is removed due to 

the small APT dataset) are in good agreement with 2.14 dpa neutron irradiated T91 327 oC [33] 

MNSP number density  (3.1±0.7 ×1023 m-3), average radii (1.1 nm), and volume fraction (0.26 

%). The agreement indicates that the methods used in both studies have provided further 

confidence in ion irradiation as a potential tool to predict radiation-induced effects in reactor 

component materials without conducting neutron experiments. 

 

Ion damage cascades form dislocation loops [14] at 300 oC. At the ‘high’ dose, Si segregated 

to the periphery of dislocations as shown in Figure 7(a). These Si-decorated dislocations have 

either a line or loop formation, and these loops have an average diameter of 13 nm ± 3 nm. Si 

has been observed to segregate, along with Ni, to dislocations in ferritic-martensitic steels [67]. 

Conversely, Cr has been modelled to decorate loops in irradiated Fe-Cr alloys [68] but this has 

not been observed in the current work. Additionally, not all of the dislocations (loop and line 

type) observed in the APT datasets had P-enriched peripheries; line dislocations were decorated 

with P and Ni, as shown in Figure 4(c) following 2.62 dpa irradiation, but loop dislocations 

were observed to be decorated only with Si (shown in the same figure for 2.62 dpa). A 

suggestion to explain this result is that these Si-enriched loop dislocations were introduced by 

irradiation displacement damage rather than by the manufacturing process. 

 

T91 steel has a ferritic-martensitic microstructure with a high dislocation density that was 

formed during the tempering stage. Prior to irradiation, these pre-existing dislocations would 

be the first to be decorated with P due to the large diffusion affinity to form stable complexes 

[31]. From the low dose irradiation at 0.12 dpa, P has already clustered and, thus, becomes 

depleted within the matrix. The formation of loop dislocations by displacement damage would 

form within this now P-depleted matrix. It is therefore not possible for P to decorate the newly 

formed dislocation loop. This provides a feasible explanation for the observation of no P 

decorated dislocation loops following irradiation at 300 oC. 
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The nanohardness increase from AR condition to 0.10 dpa and 1.83 dpa was 13.1 % and 21.4 

%, respectively, as shown in Figure 8 and section 3.2. It is well known that irradiation damage 

produces dislocation loops, increasing the dislocation density. In addition to the dislocation 

density, the APT results show, even at low doses, that the formation of P and Si clusters likely 

contribute to the hardening of the steel. These clusters act as dislocation motion barriers; 

however, direct observation of this pinning would involve utilising transmission electron 

microscopy (TEM) to image the plastic zone beneath the nanoindent. This is beyond the scope 

of this study, however, Davis et al. [69] performed a similar study in an oxide dispersion 

strengthened steel, imaging the dislocations becoming pinned by nanoparticles beneath 

nanoindents. The size of the nanoparticles was 2 – 5 nm, which is comparable to the size of the 

MNSP observed within this study.  

 

The hardness response as a function of irradiation dose was not linear, as shown in Figure 8. 

The number density of MNSP remained within the same order of magnitude and did not 

increase with dose. The increase in hardness can be attributed to dislocation pinning on these 

MNSP and dislocation loops becoming entangled during deformation. The density of these 

clusters should not be expected to increase after further irradiation as the matrix has been 

depleted of Mn, Ni and Si to form new clusters. This would lead to the observed tail-off in 

hardening from 0.1 dpa to 1.83 dpa as shown in Figure 8. Any further increase in hardness with 

irradiation dose would be a resultant of solute segregation towards dislocations rather than the 

nucleation of more MNSPs within the matrix. This study highlights that solute segregation to 

and on dislocations in T91 steel occurs under heavy ion irradiation at 311.9 ± 5.2 oC and could 

contribute significantly to the embrittlement of this steel. 

 

It should be noted that there was no observation of α’ precipitation in any of the APT datasets. 

This was as-expected because the kinetics do not enable the formation due to the high dose rate 

used [25]. 

 

5. CONCLUSION 

 

Overall, this ion irradiation study has provided an insight into how minor alloying elements 

and impurities evolve as a function of irradiation dose whilst keeping the temperature and 

irradiation dose rate as fixed parameters by using APT and nanoindentation. The key findings 

from this were: 

 

• Prior to irradiation, the AR T91 steel state showed no clustering of Mn, Ni, Si and P, 

with minor enrichment of impurities and alloying elements at the prior-austenite gain 

boundaries. 

• MNSPs were observed once the ion dose exceeded 1.76 dpa at 311.9 ± 5.2 oC. 

• The MNSP had a distantly different composition to the typical cited ‘G-Phase’, which 

falls near the MnSi(Ni) phase field (which is ranged from Si0.5MnxNi(1-x) where x varies 

from ~0.1 to 0.25 [47]) 

• The average diameter of MNSPs grew with dose, while the average size and volume 

fraction appeared uncorrelated with irradiation dose. The number density, radii, and 

volume fractions agreed well with previous neutron irradiation T91 data.  
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• Dislocations loops were decorated with Si when irradiated to 2.62 dpa at 311.9 ± 5.2 
oC.  

• At 0.12 dpa, formation of Si/P-rich clusters were observed and increased the 

nanohardness by 13.1% from the AR condition. The hardness did not increase linearly 

as a function of dose but rather tailed off between 0.1 to 1.83 dpa. 

 

Overall, this study has demonstrated the usefulness of ion irradiation to observe and understand 

the role of solute ions and impurities in commercial grade ferritic-martensitic steels, 

particularly when part of a controlled study varying irradiation over a number of dose 

conditions. The APT and nanoindentation techniques have shown that, when applied in tandem, 

they can provide an insight into how microstructural changes under irradiation can explain 

observed changes in mechanical properties. 
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