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Abstract: 

The joining process for oxide dispersion strengthened (ODS) alloys remains a key challenge facing the 

nuclear community. The microstructure and mechanical properties were characterized in the base material 

and friction stir welded ODS MA956 irradiated with 5 MeV Fe++ ions from 400 to 500°C up to 25 dpa. 

Nanoindentation was performed to assess changes in hardness and yield stress, and the dispersed barrier 

hardening (DBH) model was applied to described results. A combination of scanning transmission 

electron microscopy (STEM) and atom probe tomography (APT) were used to assess evolution of the 

microstructure including dispersoids, network dislocations and dislocation loops, nanoclusters, and solid 

solution concentrations. Overall, softening was observed as a result of increased dose, which was 

exacerbated at 500°C. The formation and coarsening of new dispersoids was noted while nanoclusters 

tended to dissolve in the base material, and were not observed in the stir zone. Solute nanocluster 

evolution was identified as a primary driver of the changes in mechanical properties. 
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Highlights 

• MA956 exhibited radiation induced softening with increased temperature and dose. 

• Formation of nanoclusters in the base material influenced mechanical properties. 

• New dispersoids formed in the stir zone after irradiation. 

• Dispersed barrier hardening model used to understand role of microstructure on yield stress. 
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1 Introduction 

The behavior of structural materials under irradiation is a critical issue facing both the fourth 

generation (GenIV) and the small modular reactor communities. The latter have gained popularity due to 

their smaller capital costs, improved public perception, as well being easily deployed for humanitarian 

purposes to areas affected by natural disaster or remote areas where a traditional light water reactor would 

not be economical [1]. To support the industry, self-ion irradiations address some of the challenges with 

performing well controlled neutron irradiations to assess reactor structural materials. Since dose rates of up 

to 10-3 dpa/s can be achieved, many more experiments can be performed in a short amount of time without 

the residual radioactivity making systematic study much easier [2–4]. However, the limited penetration 

depth makes assessing the mechanical properties a challenge as the irradiated volume is small relative to 

traditional mechanical testing samples [5]. 

Oxide dispersion strengthened (ODS) steels have been shown to be radiation tolerant at high dose 

under neutron and ion radiation [6–8]. However, joining of ODS alloys is difficult, and negative effects on 

the microstructure is exacerbated by the deleterious effects of irradiation. A consolidated weld with 

acceptable mechanical properties is critical to deploying novel ODS materials in new reactor designs. 

Traditional fusion welding is unsuitable for ODS steels as ODS particles will melt or agglomerate during 

the welding process [9]. Friction stir welding (FSW) is a solid state welding technique, which could 

potentially minimize defects and adverse changes in the microstructure relative to other welding techniques 

[10–13]. The combination of friction stir welding and irradiation is a unique area with limited previous 

work [14–16] at reactor-relevant experimental conditions.  

Friction stir welding has been shown to be very sensitive to initial conditions. With a pre-existing 

coarse grain structure, welding tends to cause dynamic re-crystallization [17–19]. With a fine-grained 

microstructure, the addition of welding tends to cause coarsening of the microstructure [10,16]. The 

dispersoids tended to coarsen with welding [12,17,20] though some authors noted little change [16]. This 

paper focused on the behavior of the dispersoids and nanoclusters in particular- a recent review by 

Wharry et al. [21] suggested two primary irradiation mechanisms including ballistic dissolution which 

destabilizes precipitates tending to lead to decreases in average diameter and number density but also a 

competing mechanism of radiation-enhanced diffusion . The balancing of these two mechanisms leads to 

Ostwald coarsening, where precipitates grow in size but decrease in number density due to material 

diffusing from the dissolved ppts to larger more stable sites. In this allow, previous results show Ostwald 

coarsening dominating the base material whereas radiation enhanced diffusion caused re-formation of 

dispersoids that were solutioned during the weld process [6,22,23]. 

Other than prior work from this research team on this particular alloy at high dose [6] and several 

welding conditions [22,23], we are aware of only one other combined irradiation and welding study at 

reactor-relevant temperatures. Guo et al. irradiated friction stir welded 12Cr-ODS steel [14]. The irradiated 

steel was welded in a friction stir machine (FSW-TS-08) with a W-Re pin tool. Welding direction was 

parallel to the rolling direction with a tool rotation speed of 150 rev∙min-1 and traverse speed of 30 mm∙min-

1. The ODS steel, both welded and base material, were irradiated with 3 MeV Au ions up to 2.7 dpa at 

500oC. After welding, the stir zone (SZ) exhibited uniform fine-grain structure (286±144 nm), attributed to 

dynamic recrystallization as the base material (BM) grains were quite large and elongated (775±306 nm). 

Dispersoids coarsened from 4.8 nm to 7.4 nm in the SZ with a large decrease in dispersoid number density 

from 1.43×1022 m-3 to 4.66×1020 m-3. Decreased grain size across the weld resulted in an increase in 

nanoindentation-measured hardness. After irradiation, nanoindentation hardness values increased in the 
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BM (6.37 to 6.53 GPa), but decreased in the SZ (7.48 to 7.37 GPa). Voids were observed in the BM and 

heat affected zone but not in the SZ, suggesting that a decreased grain size was responsible for the increased 

radiation tolerance observed. 

The present report is the first systematic study of the effects of irradiation at reactor-relevant 

conditions on the microstructures of friction stir welded material MA956 and the attendant effects on 

mechanical properties. Mechanical properties will be assessed with nanoindentation. The microstructure 

will be characterized using scanning transmission electron microscopy (STEM) and atom-probe 

tomography (APT), and these results are explained by utilizing the characterized microstructure as inputs 

into a dispersed barrier hardness model. 

2 Material and Methods 

The material studied was an un-recrystallized fine-grained MA956 steel plate, the composition of 

which is given in Table 1. The alloy was canned and extruded at 1100°C and hot rolled in three passes at 

1100°C over 4 hours with reheating to 1100°C 30 minutes prior to, and subsequent to, each rolling pass. 

Final machining resulted in a 4 mm thick plate. A single bead-on-plate friction stir weld was performed by 

MegaStir Technologies [10,24] using a tool fabricated from an MS 80 grade of polycrystalline boron nitride 

featuring a convex scroll shoulder step spiral that did not require tilt. Plunge force was maintained at a 

constant 17.8 kN using a tool rotation speed of 500 rev∙min-1 and a tool traverse rate of 25 mm∙min-1. These 

conditions correspond to the high heat input described in Refs. [6,10,12,22]. Although it is expected that 

there could be significant microstructure effects of the welding the thermomechanical affected zone 

(TMAZ) and heat affected zone (HAZ), to limit the scope of this study only the stir zone and base material 

will be considered. The material in the welded stir zone will be referred to as SZ hereafter, while that in the 

base material will be referred to as BM. The grain structure was previously analyzed using electron 

backscattered electron diffraction (EBSD) in Ref. [11]. The BM had an average grain diameter of 0.89 μm 

whereas the SZ had a starting grain material of 12.5 µm and the overall grain structure was found to be 

equiaxed [10,12]. 

Table 1: Composition of MA956 heat used in this research from [11] determined by inductively coupled 

plasma mass spectrometry and LECO analysis. 

Alloy Fe  Cr Al Y2O3 Ti Mn Si Ni C Mo S P 

MA956 

(wt %) 

Bal 19.93 4.75 0.51 0.39 0.09 0.08 0.04 0.023 0.02 0.008 0.006 

 

2.1 Irradiation Conditions 

Samples for irradiation were excised from the middle of the SZ and the BM using electrical discharge 

machining. Prior to irradiation, samples were mechanically polished to 1200 grit (P-4000) SiC paper 

followed by mechanical polishing to 1 μm diamond and a final polish using a vibratory polisher with a 0.02 

μm silica solution. 

Irradiations were performed at the Ion Beam Laboratory at Sandia National Laboratories, with a 6 

MV Pelletron Tandem accelerator with 5 MeV Fe++ ions with a raster scanned beam. Dose was calculated 

at a depth of 600 nm beneath the irradiated surface using the Quick Kinchin Pease Mode in the Stopping 
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and Range of Ions in Matter (SRIM) with displacement damage of 40 eV [25]. The damage profile and 

implanted ion profile were presented in [22]. Dose rates varied between 0.44-2.3 x 10-4 dpa/s at the nominal 

depth of 600 nm. The effect of dose rate was not considered and an effort was made to maintain as consistent 

an irradiation dose as possible and stay within a factor of three. Samples were irradiated to 1 and 25 dpa at 

400 and 500⁰C. Temperatures were maintained and monitored using a LabVIEW controlled button heater 

and the temperature was kept within 2σ<5°C throughout the course of the irradiation. Pressures were 

maintained at ~10-5 Pa (~10-7) torr throughout the irradiation. The data presented here will be combined 

with characterization results from [22] for a complete evaluation of irradiation temperature dependence. 

2.2 Nanoindentation and Microindentation 

Nanoindentation was conducted on each of the unirradiated specimens to assess the difference in 

hardness between material in the BM and that within the SZ. In addition, nanoindentation was conducted 

on a subset of irradiated specimens, including those irradiated to 1 and 25 dpa at 400°C and 500°C, to 

measure the effects of irradiation on mechanical properties. 

The unirradiated specimens from both the BM and the SZ were each mounted in phenolic resin and 

subsequently mechanically polished through 1200 grit (P-4000) SiC paper, followed by mechanical 

polishing using 9, 3 and 1 μm diamond suspension, and finished by vibratory polishing with 0.05 μm 

alumina suspension. To enable analysis by EBSD, a final electropolishing procedure was performed at 20 

V using an electrolyte containing 10% perchloric acid in ethanol maintained at 250 K (-23°C). These EBSD 

analyses were performed to study the grain structures prior to irradiation and were reported previously in 

[10,11]. The irradiated specimens, on the other hand, were adhered via mounting wax to a glass bed which 

was mounted to an aluminum puck. These specimens were also not electropolished. Given notable 

differences in mounting and required sample preparation prior to irradiation, the authors caution against 

directly comparing nanohardness results between the unirradiated and irradiated specimens. 

Nanoindentation was conducted using a KLA-Tencor G200 nanoindenter with a Berkovich diamond 

tip indenter. Both the area function calibration and analysis were performed with the NanoSuite software 

provided by KLA. Tip area function calibration was performed with a sample of fused silica with known 

properties. A 2nd-order polynomial function was fitted to the projected area to depth relationship for the tip 

determined in the fused silica sample. Standard analysis of all data was performed using the Oliver-Pharr 

Method [26]. A surface detection threshold stiffness of 200 N m-1 was used to identify when the tip 

contacted the sample surface. Quasi-static loading and partial unloading was used to determine hardness 

and modulus. With quasi-static testing, the indenter head penetrates to a desired depth and holds, then 

measures the elastic stiffness upon retraction before being reinserted in the same location to measure 

hardness at progressively greater indentation depth. For this study, the target strain rate was 0.1 s-1 while 

the depth limit was set to 1000 nm with the number of cycles equal to 10. This approach yields only discrete 

depths at which properties are evaluated, but avoids any issues arising from the application of a harmonic 

stress to the material, such as with the continuous stiffness measurement (CSM) [27] and is consistent with 

recommendations in Ref. [28]. 

Nanoindentation of the irradiated specimens was applied parallel to the irradiating beam and into the 

irradiated surface. Each specimen was indented at 25 different locations, each laterally spaced at least 25-

60 μm apart to avoid plastic zone interference between adjacent indents, as the plastic zone is expected 

have a radius ~4-10 times larger than the indentation depth [29–34]. The tip was loaded and unloaded at 

10-20 depths per indent site. Each indentation load cycle included a 15-second load time and a 10-second 

hold at maximum load, followed by a 90% unload. From each indent location and each loading/unloading 
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point increment, an average depth and average hardness was calculated, along with the standard deviation 

and the standard deviation of the mean for both the depth and hardness values. 

The average grain size in the SZ material (12.5 μm) is much larger than both the irradiation depth 

(~1.8 μm) and the likely plastic region of the indents from the nanoindentation, which are expected to be at 

least ~4 to 5 times [33] the indentation depth (~2.6 to 3.5 μm at depths of 650 nm). Due to this, indents in 

the SZ possibly only sampled single grains with some of the indents and did not always fully capture grain 

boundary strengthening. As a result, Vickers hardness measurements were conducted on each of the 

unirradiated specimens using a LECO LM100 Microhardness tester for comparison to the nanoindentation 

results and confirmation of the bulk sampling in the unirradiated materials. A total of 18 separate 

microhardness indents were conducted at a test force of 500 gf on each specimen and the standard deviation 

and standard deviation of the mean were determined. 

2.3 Microstructure Characterization 

Due to the shallow penetration depth of the Fe++ ions, it was necessary to prepare specimens for 

STEM and APT using liftout methods in a scanning electron microscope/focused ion beam (SEM/FIB)  

[35]. The SEM/FIBs employed were a ThermoFisher (formerly FEI) Nova 600 NanoLab DualBeam at 

Army Research Laboratory (ARL)-Aberdeen and the Naval Research Laboratory (NRL). 

STEM lamellae were thinned to thicknesses below 200 nm with a 5 kV final polish. An attempt 

was made to analyze at least two liftouts per irradiation condition. STEM analysis was performed on JEOL 

2100F or 2200FS TEM/STEM located at ARL and NRL, respectively, and a ThermoFisher (formerly FEI) 

Tecnai TF30-FEG STwin STEM analytic electron microscope located at CAES. Tilting of the sample was 

used to limit diffraction contrast such that all dispersoids were visible. Thickness was measured using 

electron energy loss spectroscopy zero loss method [36]. Regions of 500-700 nm below the irradiated 

surface was used for all analysis to bracket the calculated 25 dpa dose determined by SRIM [25] at a depth 

of 600 nm. The procedure for error analysis was the same as described in detail by Getto et al for irradiation-

induced voids due to the similarity between voids and dispersoids in imaging [37]. Dislocation loops and 

networks were imaged using STEM bright field (BF) using a procedure described previously in [38] where 

on-zone or near zone STEM imaging excites all possible diffraction vectors for the zone axis, and also 

relaxes the g•b invisibility criterion allowing for faint contrast from in-plane [100](200) loops [38]. 

More detailed microstructural analysis was performed via APT, using a Cameca 4000X Si local 

electrode atom-probe with a 355 nm ultraviolet pulsed laser, a 40 K specimen base temperature, 60 pJ 

nominal laser pulse energy, a pulse repetition rate of 250 kHz, and a detection rate of 0.005 to 0.02 ions per 

pulse (0.5 to 2%). Specimens for APT were prepared using standard lift-out and milling procedures [39–

42]. A subset of the irradiated specimens, 25 dpa at 400°C and 500°C, were analyzed, with particular 

emphasis on the evolution of the nanoscale oxides in the ODS material. For consistency, the same approach 

was applied to prior specimens, as received and irradiated at 450°C from [22] to enable a comprehensive 

understanding of nanocluster irradiation evolution dependencies on temperature and dose. In the irradiated 

material, liftouts were extracted 600 nm beneath the surface, providing a direct comparison with the 25 dpa 

irradiated material analyzed by STEM. Data reconstruction and analysis was performed using the Cameca 

Integrated Visualization and Analysis Software (IVAS) version 3.8.6. Data reconstruction was performed 

by calculating the tip radius from the specimen voltage, using default values of 1.65 for the image 

compression factor and 3.30 for the field factor, and assuming an evaporation field of 23 V mm-1 for Fe2+. 

The reconstructions were also visually compared to SEM images of the APT specimens prior to analysis. 

Subsequent imaging was conducted using the AP Suite 6.1 software. 
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Several of the peaks within the mass-to-charge spectrum were identified as oxide-based molecular 

ions including AlO, YO, FeO, TiO, and CrO, which is typical for ODS alloys with oxide nanoparticles and 

dispersoids. Cluster analysis within each reconstruction was conducted using the maximum separation 

method [43] employed in IVAS. The success of this approach depends primarily on proper selection of dmax 

(the maximum distance of separation between two atoms in a cluster) and Nmin (the minimum number of 

atoms required to identify a cluster). These parameters are selected independently for each sample 

reconstruction, as they can vary based upon the solute concentrations and distribution within the matrix, 

which can potentially vary depending on different irradiation conditions [44–47]. The approach here 

follows that prescribed by Kolli and Seidman [48] and refined by Williams et al. [49]. In practicality, the 

approach for selecting dmax is iterative and requires visual comparison between the images created via 

cluster analysis, images created using iso-concentration surfaces created with the Y, Ti, and O containing 

ions using a 4-6% concentration threshold and the reconstruction image with clustering solutes clearly 

visible. Incorrect selection of dmax will typically result in failure to identify clusters clearly visible in the 

reconstruction, splitting of individual clusters into multiple smaller clusters, or spurious identification of 

matrix clusters that are not visually detectable. Meanwhile, values for Nmin are identified to minimize the 

number of random clusters detected. For this study, values for dmax ranged from 0.6 to 1.0 nm, while values 

for Nmin ranged from 19 to 42 atoms for all samples. Each analysis was conducted with order of 1 and derosion 

= 0.2 nm. 

The IVAS cluster analysis provides an output CSV file containing radii, number density, and volume 

fraction of nanocluster in each sample. The Guinier diameter (DG) is determined for each identified 

nanocluster [50,51], while number density (Nnc) is found by dividing the total number of nanoclusters 

identified in all samples of a given condition by the total analyzed volume from all tips of that specimen. 

Volume fraction of clusters (fv) was subsequently determined by counting the total number of atoms within 

clusters and dividing by the total number of atoms in combined analysis volume for each specimen and 

irradiation condition. Finally, the output file from IVAS not only provides composition data for each of the 

nanoclusters, but also provides the composition of the surrounding matrix for each solute species, which is 

relevant for evaluating the effects of welding and irradiation on the migration of oxide-forming solutes. 

3 Results 

3.1 Nanoindentation and Microindentation Results 

The nanoindentation hardness measurements are displayed in Figure 1 as a function of indentation 

depth beneath the surface for comparison between the unirradiated base metal and stir zone (Figure 1a); 

comparison of irradiations to 1 dpa at each temperature (Figure 1b); and comparison of irradiations to 25 

dpa at 400°C and 500°C (Figure 1c). In each case, small indentation depths (< 300 nm) have abnormally 

small hardness values, likely due to indentation size effects and the imperfect surface finish resulting from 

the sample preparation process. Deeper indents in the irradiated specimens progressively sample more of 

the unirradiated substrate below each irradiated layer, which is approximated as a thin film of thickness 

~1,800 nm. Prior studies have found that indents conducted at <1/3 of the irradiated layer thickness are 

considered to be most representative of the hardness of the irradiated layer [52]. This compromise is based 

on avoiding the indentation size effects at shallower indents and avoiding excessive oversampling of the 

unirradiated substrate. As a result, a region at indentation depths between 475 nm and 675 nm is used as 

indicated in Figure 1, for which the hardness values were used to calculate an average hardness and the 

standard deviation of the mean to determine an estimated mean hardness for each specimen (Figure 1d). In 

reality, the change in hardness between the specimens irradiated at different temperatures remains 

reasonably consistent throughout the indentation depths above ~300 nm, so the comparison region primarily 
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provides an objective baseline depth for consistent comparison across the samples. For the unirradiated 

specimens, there is no concern about oversampling the substrate, so the hardness is approximated at the 

deepest indentation depth. It is acknowledged that deeper indentation would likely yield a more accurate 

bulk hardness. As a result, Vickers hardness measurements of the unirradiated specimens are conducted to 

provide an alternate comparison. 

 

 

Figure 1: Summary of nanoindentation results in MA956 within the base metal and the friction stir 

welded stir zone (SZ) for the a) unirradiated (UI), b) 5 MeV Fe2+ ion irradiated to 1 dpa, and c) 5 MeV 

Fe2+ ion irradiated to 25 dpa. Image d) illustrates a comparison of the average hardness in the range of 

475 to 675 nm. Error bars represent the standard deviation of the mean.  
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The BM nanohardness is 4.02 ± 0.03 GPa at indentation depths of ~1μm, corresponding well with 

other ferritic ODS alloys including model Fe-9%Cr ODS [33], Fe-9%Cr ODS alloys [53,54], and several 

other ODS alloys [55]. In the SZ, the nanohardness at comparable indentation depths decreases significantly 

to 3.53 ± 0.04 GPa, which is consistent with previous studies indicating significant softening of ODS alloys 

after FSW [11,56,57]. Following each irradiation, the SZ is observed to be consistently softer by 0.7 to 1.1 

GPa (Figure 1), regardless of the irradiation dose and temperature, suggesting that the microstructure 

changes resulting in softening due to FSW are superimposed upon any irradiation effects on the respective 

microstructures. Upon further inspection of Figure 1d, it was also observed that each irradiation to 25 dpa 

results in slightly lower hardness (~0.14 to 0.17 GPa) than the 1 dpa irradiations at both 400°C and 500°C, 

respectively. Finally, the hardness of the BM does not appear to have any tangible dependence on the 

irradiation temperature for either dose level, while the SZ hardness is observed to decrease with increasing 

irradiation temperature (~0.25 to 0.29 GPa) between 400°C and 500°C. These irradiation-induced changes 

in hardness imply that irradiation-induced effects on microstructure also influence the strengthening 

mechanisms in both the BM and SZ. As a general rule, recrystallization for most metals is expected in the 

0.33-0.5Tm region, which might impact the 500°C condition. Studies of similar ferritic alloys including T91 

[58] and ferritic Fe-18Mn-0.6C-1.5Al TWIP steel [59] indicate no recrystallization, partial or otherwise, 

until 600°C so although this is possible it is not likely in the experimental conditions examined here.  

The Vickers hardness of unirradiated MA956 BM averaged 365 ± 1.4 kgf/mm2. In the SZ following 

friction stir welding, the Vickers hardness is 265 ± 2.7 kgf/mm2, representing a reduction in microhardness 

of ΔHv = 100 kgf/mm2. These measurements, along with the nanohardness results are particularly helpful 

in estimating changes in yield strength as a result of friction stir welding. The empirical relationship from 

[60] was used: 

∆𝜎𝑦 = 3.06∆𝐻𝑣                                                        (1)  

with Δσy representing the increase in yield strength (in MPa) due to irradiation and ΔHv as the measured 

increase in Vickers hardness (in kgf/mm2). Applying Eq. 1 for the microhardness measurements estimates 

an ~300 MPa reduction in yield strength due to friction stir welding. Using the nanoindentation 

measurements, the relationship developed by Fischer-Cripps was used to convert Meyer hardness (in GPa 

as measured by nanoindentation) into Vickers hardness (in kgf/mm2) via HV = 94.495HMeyer [61]. Following 

this approach, the decrease in yield strength in the SZ is estimated to be within the range from 211 to 314 

MPa, which is reasonably consistent with the microindentation results. Meanwhile, increasing the radiation 

dose from 1 to 25 dpa in each specimen appears to result in a 42 to 88 MPa reduction in yield strength and 

increasing irradiation temperature from 400°C to 500°C results in a 2 to 85 MPa reduction in yield strength. 

A summary of the measured nanohardness and changes in hardness and yield strength between the BM and 

SZ for each specimen is provided in Table 2.  
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Table 2: Measured nanohardness values for each specimen within the comparison region 

indentation depths, along with estimated changes in hardness and yield strength within the stir 

zone. 

MA956 

specimen 

BM 

Nanohardness, 

HBerk (GPa) 

SZ 

Nanohardness, 

HBerk (GPa) 

BM – SZ 

ΔHBerk (GPa) 

BM – SZ 

Δσy (MPa) 

1 dpa, 400°C 4.36 ± 0.05 3.63 ± 0.05 -0.73 -211 

1 dpa, 500°C 4.35 ± 0.03 3.34 ± 0.08 -1.01 -293 

25 dpa, 400°C 4.21 ± 0.05 3.33 ± 0.11 -0.89 -257 

25 dpa, 500°C 4.19 ± 0.04 3.10 ± 0.03 -1.08 -314 
 

3.2  Microstructure Analysis 

To explain the nanoindentation results, a careful assessment of the microstructure including 

nanoclustering, dispersoids and dislocations was performed by STEM and APT characterization. 

3.2.1 Dispersoid Evolution  

Figure 2 shows HAADF micrographs of the BM after self-ion irradiation to 1 and 25 dpa. The light 

grey layer on the top of all HAADF images is the Pt layer retained from the FIB liftout process. Note that 

Y-Al-O or Y-O precipitates show as dark circles because the mechanism of contrast in STEM HAADF 

imaging is Z contrast such that low Z features show up as darker than the surrounding matrix. A thin oxide 

(black) formed at the surface under some irradiation conditions. The white areas in Figure 2c are a result of 

diffraction contrast in individual grains; to verify all dispersoids were observed, the sample was tilted to 

multiple angles so all grains could be clearly imaged. Through the tilting process, grains with high contrast 

would become clearer verifying that the white areas or contrast were not dispersoids or loops. Figure 3 

includes a magnified image of the dispersoids at 400⁰C, 25 dpa. Dispersoids were more or less randomly 

distributed even after irradiation. There were no indicators of ballistic dissolution such as “haloing” of 

smaller precipitates around a larger dispersoid, as observed by Chen et al in [8]. Figure 4 shows HAADF 

micrographs of the self-ion irradiated MA956 SZ at 1 and 25 dpa. There appeared to be formation of new 

dispersoids relative at 25 dpa relative to 1 dpa. However, when compared to the BM in Figure 2, there are 

fewer dispersoids in all SZ irradiated conditions.  
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Figure 2: HAADF images of MA956 base material irradiated at 1 dpa at a) 400°C and b) 500°C and to 25 

dpa at c) 400°C and d) 500°C. Select dispersoids marked with red arrows. 
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Figure 3: a) Bright field and b) high angular annular dark field images of dispersoids observed in the base 

mater at 440C, 25 dpa.  

 

Figure 4: HAADF images of MA956 stir zone irradiated at 1 dpa at a) 400°C b) 500°C and to 25 dpa at c) 

400°C d) 500°C. Select dispersoids marked with red arrows. 
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Dispersoids were quantified according the procedure described in Section 2.3. Due to the peaked 

irradiation profile, it is most appropriate to consider only dispersoids found 500 to 700 nm from the 

irradiated surface, which brackets the nominal, calculated 25 dpa dose at 600 nm and is consistent with the 

depth range selected for nanoindentation measurements in Figure 1. Data for the unirradiated BM, 450⁰C, 

1 and 25 dpa are repeated from [22] to provide a more complete temperature dataset. An additional liftout 

to improve statistics for the unirradiated SZ was included in this study. The diameter of the dispersoids 

observed in the BM, before and after irradiation, is displayed in Figure 5a (solid red). Within the BM, the 

dispersoid diameter tends to increase with increasing irradiation dose and temperature. Two additional 

observations are worth noting; first, there was a small decrease in diameter at 400°C from 0 (10.6±1.0 nm) 

to 1 dpa (8.1±1.0 nm) followed by an increase to 25 dpa (10.8±1.0 nm). This was attributed to the formation 

of new, smaller dispersoids with irradiation. Second, 500°C exhibited the most growth from 0 dpa to 25 

dpa. Likewise, the diameter of the SZ is plotted (hatched blue) in Figure 5a. The diameter of the SZ 

dispersoids remains higher than the BM regardless of temperature or dose. At 400oC, the diameter remained 

nearly within error bars from 19.7±1.0 nm to 18.0±1.0 nm from 0 to 25 dpa. At 400 and 450°C, the diameter 

increased from 0 to 25 dpa. Regardless, the trend of increased growth with dose and temperature was 

observed. 

 

Figure 5: Evolution of dispersoid a) diameter and b) number density for the base material and stir zone in 

MA956 irradiated with 5 MeV Fe++ up to 25 dpa at 400°C, 450°C [22] and 500°C. All data was taken in 

the 500 to 700 nm depth region. 

Number density for the BM is plotted in Figure 5b (solid red). An initial increase in number density 

was observed at all temperatures from 0 to 1 dpa. The increase was the largest at 400oC from 8.96±0.9×1020 

m-3 to 12.3±1.2×1020 m-3. After the initial increase to 1 dpa, there was a decrease in number density by 25 

dpa to 4.79±0.5×1020 m-3. This is likely indicating initial precipitation of new phases followed by Ostwald 

coarsening, which has been observed at higher doses in this material [6] and other alloys [62,63]. The 

number density of the stir zone is plotted in Figure 5b (hatched blue) and followed similar trends with dose, 

but was lower than the base material across all irradiation conditions. By 25 dpa, the number density is 

much more similar between the BM and the SZ; at 500°C: 25 dpa the number density for base material and 

stir zone is 3.06±0.3×1020 m-3 and 1.17±0.1×1020 m-3, respectively. The decrease in number density from 1 

to 25 dpa in BM was stronger than that observed in the SZ. A summary of all dispersoid results along with 

dislocation results is presented in Table 3. 
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Table 3: Summary of microstructure data for 5 MeV Fe2+ ion-irradiated MA956 base material and friction stir welded stir zone. Data at 450⁰C 

repeated from [22] to provide a more complete data set. All dispersoid and dislocation data were obtained via STEM imaging. 

Experimental Conditions Dispersoids Dislocations 

Temperature 

(°C) 

Dose 

(dpa) 

Sample 

Status 

Number of 

Precipitates 

Precipitate 

diameter 

(nm) 

Precipitate 

Density 

(1020 m-3) 

Sink 

Strength 

(1014 m-2) 

Number 

of Loops 

Loop 

Diameter 

(nm) 

Loop 

Number 

Density 

(1020 m-

3) 

Loop 

Line 

Length 

(1014 m-2) 

Network 

Line 

Length 

(1014 m-2) 

Total 

Loop + 

Line 

Length 

(1014 m-2) 

As received N/A 
BM [22] 263 10.6±1.0 8.96±0.9 1.19±0.1 N/A N/A N/A N/A 0.614±0.1 0.614±0.1 

SZ 103 19.7±1.0 2.01±0.2 0.50±0.05 N/A N/A N/A N/A 0.675±0.1 0.675±0.1 

400 

1 
BM 536 8.1±1.0 12.3±1.2 1.25±0.1 70 9.5±1.0 35.2±7.0 2.1±0.5 1.6±0.4 3.7±0.9 

SZ 275 19.5±1.0 3.37±0.4 0.83±0.08 70 12.6±1.0 18.0±4.0 1.4±0.3 1.0±0.2 2.5±0.7 

25 
BM 446 10.8±1.0 4.79±0.5 0.65±0.07 14 28.0±1.0 6.0±1.2 1.0±0.2 1.1±0.2 2.1±0.5 

SZ 67 18.0±1.0 2.25±0.2 0.51±0.05 44 15.8±1.0 13.0±2.6 1.3±0.2 1.1±0.2 2.4±0.7 

450 

1 
BM [22] 393 10.4±1.0 10.8±1.0 1.41±0.1 17 20.2±1.0 6.2±1.2 0.8±0.2 1.2±0.3 2.0±0.5 

SZ [22] 68 21.4±1.0 3.43±0.3 0.92±0.09 32 19.7±1.0 5.8±1.2 0.7±0.1 1.4±0.4 2.1±0.5 

25 
BM [22] 164 11.5±1.0 5.13±0.5 0.74±0.07 40 20.6±1.0 6.3±1.2 0.8±0.2 0.7±0.2 1.5±0.4 

SZ [22] 149 21.4±1.0 2.06±0.2 0.55±0.06 35 15.6±1.0 10.3±2.0 1.0±0.2 0.6±0.2 1.6±0.4 

500 

1 

BM 662 10.1±1.0 10.1±1.0 1.28±0.1 21 20.9±1.0 1.9±0.4 0.3±0.1 0.9±0.2 1.2±0.3 

SZ 103 24.5±1.0 1.64±0.2 0.51±0.05 21 22.1±1.0 2.7±0.6 0.4±0.1 0.9±0.2 1.3±0.3 

25 
BM 271 17.0±1.0 3.06±0.3 0.65±0.07 19 37.0±1.0 4.9±1.0 1.2±0.3 1.4±0.4 2.5±0.7 

SZ 104 31.1±1.0 1.17±0.1 0.46±0.05 20 50.6 ±1.0 0.9±0.2 1.1±0.2 0.6±0.2 1.7±0.5 
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3.2.2 Dislocation Evolution  

A selection of representative BF images showing dislocation loops are shown in Figure 6. In a 

previous work [22], identified loops were confirmed to be a<100> or a/2<111> using conventional 

transmission electron microscopy with selected area electron diffraction, which is consistent with other 

ferritic alloys [64–66]. Since all loops were of the type a<100> and a/2<111>, Parish’s method for on zone 

axis STEM imaging [38] for loop counting and size determination was used. Large dislocation loops 

(greater than 10 nm) formed by 1 dpa in both the BM and SZ material. Figure 7 shows the quantified data, 

which is also summarized in Table 3. The diameters of dislocation loops in the BM (solid red) and SZ 

(hatched blue) is shown in Figure 7a. With increasing dose as well as irradiation temperature, the dislocation 

loop diameter tends to increase, consistent with other ferritic or ferritic-martensitic alloys [3,65,66]. There 

was no systematic trend with dislocation loop diameter being larger for either the BM or SZ. About half of 

experimental conditions are within experimental error and after 25 dpa irradiation, the BM contained larger 

loops than at 400°C and 450°C but not at 500°C. Figure 7b shows the loop number density, which was 

inversely proportional to irradiation temperature, similar to trends in the dispersoid number density (Figure 

5b). The number density of loops within the SZ tended to be higher or within experimental error than BM 

for a given irradiation condition, with the outlier of 400°C, 1 dpa where BM had an extremely high loop 

number density of 35.2±7.0×1020 m-3. With dose, at 450 and 500oC, the number density remains nearly 

constant whereas at 400°C there was a decrease from 1 to 25 dpa for both the base material (35.2±7.0×1020 

m-3 to 6.0±1.2×1020 m-3) and the stir zone (18.0±4.0×1020 m-3 to 13.0±2.6×1020 m-3). Figure 7c shows the 

change in network line density. An initial increase from 0 to 1 dpa was observed followed by a plateau or 

slight decrease from 1 to 25 dpa for both BM and the SZ. The network line density was very similar between 

BM and SZ at a given irradiation condition  
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Figure 6: STEM BF images of dislocation loops and network in MA956 at 25 dpa for the BM at a) 400 

and b) 500°C and the SZ at c) 400 and d) 500°C. White circles highlight selected loops.
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Figure 7: Evolution of dislocation loop a) diameter, b) number density, and c) network line length in base material (solid red) and stir zone 

(hatched blue) in MA956 irradiated at 400, 450 [22] and 500°C up to 25 dpa.  



17 

 

3.2.3 Atom Probe Tomography 

APT reconstructions from the BM are displayed in Figure 8 for the unirradiated specimen and the 

samples irradiated to 25 dpa at temperatures ranging from 400 to 500°C. Each of these datasets exhibit 

strong evidence of clustering of Y, O, Ti solutes as well as YO, TiO, FeO, CrO, and AlO molecular ions at 

common locations in the matrix, comprising the oxide nanoclusters. As a result, each of these ions and 

molecular ions are chosen for the cluster analysis. Figure 8 also illustrates the identification of oxide 

nanoclusters using isoconcentration surfaces and via the cluster analysis. These images, along with the 

solute distributions, are compared to ensure a visual match between the observed oxides and the two 

algorithm identified nanoclusters. Interestingly, single ion solutes of Fe, Cr, and Al did not exhibit 

nanoclustering when viewed in isolation. 

The average DG for each nanocluster was determined using the output file from the IVAS software, 

and particle size distributions for each specimen are provided in Figure 9. In several instances, a mix of 

smaller and larger oxide clusters are present; a good example of this is the 400°C, 25 dpa dataset which 

contains several large clusters up to ~40 nm in diameter. These larger clusters are likely the same type as 

those identified as dispersoids by STEM analysis. To avoid double identification of larger dispersoids via 

STEM and clusters via APT, any nanoclusters with DG larger than 14.5 nm are classified as “dispersoids.” 

This threshold was identified by inspection of each particle size distribution and approximating the end of 

the tail for the smaller cluster distribution. This effectively removes a small number of larger clusters and 

minimizes any double counting of larger STEM-visible dispersoids and APT-identified nanoclusters. Using 

this smaller distribution for nanoclusters in each specimen, a summary of the oxide nanocluster average 

sizes and number densities are provided in Table 4. There is some overlap between the STEM-identified 

dispersoids (below 14.5 nm) and the APT-identified nanoclusters, but the APT-identified clusters in this 

size range are more numerous by ~2-3 orders of magnitude, so any double-counting is minimal. APT-

identified nanoclusters are found to have an average DG of 7.42 ± 0.10 nm before irradiation. Following 

irradiation to 25 dpa, nanoclusters have finer morphology with diameters of 5.44 ± 0.16 nm, 5.57 ± 0.15 

nm, and 6.94 ± 0.07 nm for irradiations temperatures of 400°C, 450°C, and 500°C, respectively, with larger 

clusters corresponding to higher irradiation temperatures. Number densities following each irradiation are 

reasonably consistent ranging from 100 to 114 × 1021 m-3, but the number density in the unirradiated 

specimen is lower (40 × 1021 m-3). However, the unirradiated specimen also contained the largest analysis 

volume, including one large LEAP dataset with 648 million ions. Throughout this sample, the distribution 

of oxide nanoclusters is not homogeneous and includes several denuded regions, causing the number 

density to appear lower than the other specimens which did not generate comparably large datasets. 

Alternatively, the formation of new nanoclusters upon irradiation is consistent with the increase in number 

density of the STEM-identified dispersoids here and in [6,22].  

α' was not observed in this alloy at any of the irradiated conditions in APT or STEM analysis. A 

recent study by from Reese et al [68] demonstrating that there is no alpha prime Fe-18Cr observed above 

10-4 dpa/s, which is around our dose rates and likely depends on the same balancing of radiation enhanced 

diffusion versus ballistic dissolution similar to the dispersoid kinetics discussed here and at higher doses 

in MA956 both welded and base material [6,23]. In another study [69], Ke et al. utilized a phase field 

approach in Fe-Cr alloys suggesting that α' is unlikely to occur at dose rates above ~10-5 dpa/s. 
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Figure 8: 3D atom distribution maps for oxide nanocluster solutes in MA956 BM for a) unirradiated, and 

following 5 MeV Fe2+ irradiation to 25 dpa at b) 400°C, c) 450°C, and d) 500°C, respectively. The raw 

data (RHIT files) for a) and c) from [22] were reanalyzed here for a complete cluster and matrix 

composition analysis.
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Table 4: Summary of oxide nanocluster morphology and chemistry, and surrounding matrix chemistry for 

MA956 BM via APT. Reported errors are the standard deviation of the mean. 

Feature Unirradiated 
Fe2+ irradiated 

(25 dpa, 400°C) 

Fe2+ irradiated 

(25 dpa, 450°C) 

Fe2+ irradiated 

(25 dpa, 500°C) 

Analysis volume (nm3) 12,025,175 1,617,300 1,102,445 5,217,925 

Oxide Nanoclusters 

# of nanoclusters measured 473 165 119 616 

Average diameter, DG (nm) 7.42 ± 0.10 5.44 ± 0.16 5.57 ± 0.15 6.94 ± 0.07 

Number density, Nnc (× 1021 m-3) 40 100 108 114 

Volume fraction, fv 0.93% 1.26% 0.64% 1.50% 

Sink strength (1014 m-2) 37.3 68.4 75.6 99.4 

Y:Ti 5.53 ± 0.13 3.59 ± 0.13 7.07 ± 0.62 7.97 ± 0.20 

(Y+Ti):O 1.24 ± 0.01 1.09 ± 0.02 1.28 ± 0.02 1.21 ± 0.01 

Al:O 3.14 ± 0.04 2.09 ± 0.04 2.56 ± 0.06 3.68 ± 0.04 

Matrix Composition (at%) 

Cr 19.4 19.6 17.7 19.4 

Al 8.7 8.2 8.3 8.3 

Y 0.05 0.12 0.08 0.09 

Ti 0.07 0.12 0.08 0.07 

O 0.13 0.26 0.26 0.22 

Y+Ti+O 0.25 0.50 0.42 0.37 
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Figure 9: Nanocluster particle size distributions for MA956 base metal (BM) with relative density for a) 

unirradiated, following 5 MeV Fe2+ irradiation to 25 dpa at b) 400°C, c) 450°C, and d) 500°C, 

respectively. Dashed lines represent the average size for each specimen. 

Table 4 also provides chemical information for both the nanoclusters and the surrounding matrix in 

the BM. Since the solutes Y, Ti, O, and Al are so closely affiliated with the oxides, it is often helpful to 

compare solute ratios with the clusters to gain insights into the effects of irradiation. The Y:Ti ratio starts 

at 5.53 ± 0.13 in the unirradiated condition, but is reduced to 3.59 ± 0.13 at the lower irradiation temperature 

(400°C), yet is progressively increased at the higher irradiation temperatures. A similar trend is observed 

for the Al:O value, which reduces from 3.14 ± 0.04 to 2.09 ± 0.04 at 400°C irradiation to 25 dpa, but is 

again slightly higher at 500°C (3.68 ± 0.04). The (Y+Ti):O value is also slightly reduced at 400°C, but is 

stable at the higher temperatures with values ranging from 1.21 to 1.28, and is consistent with (Y+Ti):O 

values in a model Fe-9%Cr ODS reported by Swenson and Wharry [47], which ranged from 1.16 to 1.26. 

These patterns confirm that dissolution of the nanoclusters is more favorable at the lower irradiation 

temperature, consistent with smaller cluster sizes resulting at 400°C and 450°C, respectively. Conversely, 

a corresponding increase in the matrix composition for Y, Ti, and O due to partial dissolution of the clusters 

was observed, with the 400°C irradiation leading to the most dramatic increase in solid solution. The 

reduced size of the nanoclusters following each irradiation are expected to influence the strengthening from 

dispersed barriers, while the increase in matrix composition likely impacts solid solution strengthening of 

the irradiated alloy as well. 
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APT reconstructions of the SZ are displayed in Figure 10 for the unirradiated specimen and the 

samples irradiated to 25 dpa at temperatures ranging from 400 to 500°C. None of these datasets exhibit 

substantial clustering of Y, O, Ti solutes or YO, TiO, FeO, CrO, and AlO molecular ions. This result 

indicates that friction stir welding has resulted in removal of the oxide nanoclusters, while irradiation to 25 

dpa has not resulted in any substantial nucleation of new nanoclusters within the matrix. In a few instances, 

some evidence of Ti segregation to dislocation lines is present and visible in Figure 10 following irradiation 

to 25 dpa at each temperature. Furthermore, three or four oxide Y-Ti-O-rich clusters were found in the 

450°C, 25 dpa specimen (shown in Figure 10), but this is not nearly as significant of a morphology as in 

the BM specimens. Even though nanoclusters are not present in the SZ specimens, IVAS still enables 

measurement of the matrix compositions (provided in Table 5). For each solute (Y, Ti, and O), matrix 

compositions are lower in the SZ than in the BM specimens, suggesting that friction stir welding has 

resulted in higher amounts of precipitation or segregation away from the matrix (i.e. on grain boundaries 

or carbides). Interestingly, the matrix composition of these solutes is highest following 450°C irradiation, 

particularly for Ti. The explanation for this is not clear. 
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Figure 10: 3D atom distribution maps for oxide solutes in MA956 stir zone (SZ) for a) unirradiated, and 

following 5 MeV Fe2+ irradiation to 25 dpa at b) 400°C, c) 450°C, and d) 500°C, respectively. The raw data 

(RHIT files) for a) and c) were from [22] were reanalyzed here for a complete cluster and matrix 

composition analysis. Images shown are only for ions exhibiting resolvable peaks in each mass-to-charge 

spectrum, respectively. 
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Table 5: Summary of matrix chemistry for MA956 stir zone (SZ) via APT. 

Feature Unirradiated 
Fe2+ irradiated 

(25 dpa, 400°C) 

Fe2+ irradiated 

(25 dpa, 450°C) 

Fe2+ irradiated 

(25 dpa, 500°C) 

Analysis volume (nm3) 1,530,107 1,800,578 3,781,196 1,200,447 

Matrix Composition (at%) 

Cr 19.5 19.1 18.2 19.5 

Al 8.6 8.2 8.1 8.5 

Y <0.005 <0.005 <0.005 <0.005 

Ti 0.05 0.04 0.10 0.03 

O 0.07 0.09 0.11 0.09 

Y+Ti+O 0.12 0.12 0.21 0.11 

 

Inconsistencies between results from STEM and APT were noted. First, in the BM samples, the 

nanocluster average diameter decreased with dose. Although this was observed in part from 0 to 1 dpa; by 

25 dpa, the diameter was the same or higher for dispersoids. Second, the number density for nanoclusters 

increased whereas the dispersoid number density increased from 0 to 1 dpa, but then substantially decreased 

by 25 dpa. The lack of nanoclusters in APT relative to the dispersoids observed in STEM is attributed to 

the much larger analyzed volume of 200 nm×150 nm×~10 m. 

4 Discussion 

4.1 Co-evolution of microstructure  

The overall changes in microstructure are best assessed using sink strengths. The sink strength for the 

dislocation network is simply the network line density reported in Table 3. The sink strength of the 

dislocation loops was calculated using the following equation:

𝑘𝑙𝑜𝑜𝑝
2 = 𝜋∑ 𝑑𝑖𝜌𝑖

𝐷
𝑖=0                                                             (2) 

where di is the dislocation loop diameter, ρi is the number density of loops of diameter di and D is the 

largest diameter size class. The precipitate sink strength is given by 𝑘𝑝𝑟𝑒𝑐
2 ,

𝑘𝑝𝑟𝑒𝑐
2 = 2𝜋∑ 𝑑𝑖𝑁𝑖

𝐷
𝑖=0 ,      (3)

where di is the diameter of the dispersoid and Ni is the number density of dispersoids of diameter di.
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The predicted sink strengths for each microstructure feature described in Equations (2) and (3) for the BM 

and SZ are plotted in Figure 11. Regardless of irradiation temperature or whether the material was welded, 

the dispersoid sink strength was higher in material irradiated to 1 dpa than to 25 dpa, except for the SZ at 

500°C. Across temperature, the sink strength tended to be fairly consistent, with the highest values 

occurring at 450°C, 1 dpa: 1.41×1014 m-2 and 0.74×1014 m-2 for BM and SZ, respectively. The sink strength 

for loops (blue crossed) and the network (green hatched) is expressed as loop and network line length, 

respectively, and are also plotted in Figure 11. Overall, combined loop and network sink strength are higher 

than dispersoid sink strength for any given experimental conditions, except at 500°C, 1dpa where dispersoid 

sink strength was larger than the loop sink strength for both BM and SZ. There was no consistent trend of 

whether the dislocation sink strengths were larger for BM than the SZ. 

In contrast, the sink strength for the nanoclusters in the base material was calculated using the 

diameter and number density determined from APT in Table 4. For the as received BM, the nanocluster 

sink strength was 3.73×1015 m-2. At 25 dpa, the sink strengths were 68.4×1014 m-2, 75.6×1014 m-2 and 

99.4×1014 m-2. All of these are an order of magnitude higher than the dispersoid or dislocation sink strengths 

reported in Figure 11 indicating that the dominant microstructure behavior in terms of sink strength is that 

of the nanoclusters. However, there were no nanoclusters observed via APT in the SZ, even though analyzed 

tip volumes were similar. The lack of nanoclusters would greatly impact the SZ hardening as a result. Since 

nanoclusters may form or dissolve in a dynamic fashion [70], this is a critical difference between the BM 

and SZ. 

 

Figure 11: Evolution of dispersoid, loop, and network sink strength for a) BM and b) SZ in MA956 

irradiated with 5 MeV Fe++ at 1 and 25 dpa at temperatures of 400, 450 [22], and 500°C. All data was 

taken in the 500 to 700 nm depth region via STEM imaging.  

Ultimately the co-evolution of the microstructure, including nanoclusters and resulting solutes, 

should cause the resulting changes in mechanical properties noted in Figure 1. Considering the BM 
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microstructure, the overall trend is toward coarsening of dispersoid and dislocation loop morphology, while 

the dislocation network is the least dynamic and more or less remains within error bars after a small but 

expected increase with irradiation (Figure 7c). Despite the apparent softening observed, the overall sink 

strength tended to increase with irradiation initially then decrease. In particular, the sudden nucleation of 

loops as a category would normally suggest hardening consistent with other results for similar alloys [71–

73], but this was not observed. 

For the SZ, the initial sink strength greatly increased with the addition of any amount of irradiation 

due to appearance of loops, but additional dispersoids were nucleated as well. Since no nanoclustering was 

observed in the analyzed tip volumes, the lower sink strength is consistent with the lower yield stress 

observed both in unirradiated and irradiated cases for which there was data. Overall, the nanoclusters 

provided a significant source of sink strength and any dissolution or growth would likely be highly 

influential in the changes in the mechanical properties more so than larger, less abundant features such as 

the loops and dispersoids. 

4.2 Correlation between Microstructure and Mechanical Properties 

For evaluation of the strengthening mechanisms in the samples considered in this study, three 

separate mechanisms must be considered: a) grain size strengthening, b) solid solution strengthening, and 

c) dispersed barrier hardening (DBH). Grain size strengthening is primarily relevant for comparison of the 

BM and SZ where the average grain sizes differ by an order of magnitude. Solid solution strengthening is 

a potential contributor given the apparent migration of solutes from the nanoclusters to the matrix (as 

measured by APT) in the irradiated specimens. Dispersed barrier hardening will influence strengthening 

due to the presence of multiple inherent barriers to dislocation motion including larger STEM-visible 

dispersoids, smaller APT-detectable nanoclusters, and irradiation-induced dislocation loops. 

When considering multiple mechanisms of strengthening, a common approach is to simply combine 

the individual effects linearly, particularly when dissimilar mechanisms are present [74]. Another approach 

for superimposing different features which contribute to DBH is via the root-sum-square (RSS) method. 

This latter approach has been shown to potentially be more effective at estimating the DBH contributions 

of different barrier types in at least one prior study of a model Fe-9%Cr ODS material [75]. For the purpose 

of this analysis, the RSS approach for the DBH contributing features was used and solid solution and grain 

size contributions were added linearly. A parallel analysis using a straight linear superposition was also 

conducted for this study, yielding similar results with just slightly lower strengthening contributions 

estimated for each barrier. For the RSS approach, the total increase in yield strength (Δσy) can be expressed 

as: 

∆𝜎𝑦 = √∆𝜎𝑑𝑖𝑠𝑝
2 + ∆𝜎𝑙𝑜𝑜𝑝

2 + ∆𝜎𝑛𝑐
2 + ∆𝜎𝑠𝑠 + ∆𝜎𝑔𝑠   (4) 

where Δσdisp, Δσloop, Δσnc, Δσss, and Δσgs are the individual contributions to the change in yield strength for 

dispersoids, dislocation loops, nanoclusters, solid solution, and grain sizes, respectively.  

 The approach taken in this discussion will be to compare different sub-sets of samples to enable 

isolation of each mechanism for evaluation. Phase I will compare the strengthening between the 

unirradiated BM and SZ specimens to evaluate the effects of the friction stir welding process on the 

microstructure and resulting mechanical properties. Next, Phase II will evaluate the effects of irradiation 

temperature via comparison of common irradiation doses (25 dpa) at 400°C and 500°C, respectively, for 

both the BM and SZ specimens. Finally, Phase III will consider irradiation dose effects between 1 dpa and 

25 dpa, although limited data is available at 1 dpa to conduct a full systematic analysis. 
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4.2.1 Phase I: Base Metal and Stir Zone Comparison 

The MA956 BM and SZ microstructures differ in three primary ways: 1) grain size, 2) 

concentration of oxide-forming solutes (Y, Ti, and O) dissolved in solid solution, and 3) the presence of 

oxide nanoclusters. As a result, these differences are expected to be responsible for the differences in 

hardness and yield strength between the BM and SZ samples from the unirradiated and commonly irradiated 

specimens. 

The strengthening effects of the grain sizes may be estimated using the Hall-Petch relationship 

[76,77]. Baker et al. previously evaluated the grain size strengthening in unirradiated MA956 (this alloy) 

[12], with their data yielding an estimated Hall-Petch relationship of: 

∆𝜎𝑔𝑠 = 5.0𝑑−1/2 + 485 (MPa)     (5)  

in which d is the average effective diameter (in mm) for the grains. Using the grain sizes found for this 

study (where the average grain diameter in the BM and SZ are 0.89 μm and 12.5 μm, respectively) the BM 

is estimated to be have a yield strength Δσgs ~125 MPa higher due to grain size strengthening.  

For estimating the effects of solid solution strengthening, a simple model is used to characterize 

the respective contribution of each solute species (Δσss,i) in a bcc Fe matrix [78,79]: 

∆𝜎𝑠𝑠,𝑖 = 𝐾𝑖𝐶𝑖      (6)  

in which Ki is the solute-specific strengthening coefficient and Ci is the matrix composition of solute i. The 

strengthening effects of each solute may be subsequently added linearly [78] to estimate an overall solid 

solution strengthening impact from multiple solutes. Values for Ki vary for different solutes and have been 

estimated previously in [80] for solutes in bcc Fe. Generally, substitutional solutes such as Cr, Si, Mn, Ni, 

Mo, and Ti have been found to have Ki values ranging from 2 to 55 MPa/at%, suggesting that small 

compositional changes in these solutes will have very little influence on the strengthening of the bulk 

material. In this case of this study, substitutional solutes Ti and Y were estimated to have a similar value 

for Ki of ~20 MPa/at% (Table 6). Interstitial solutes have much higher Ki values, exceeding 1000 MPa/at% 

[75,78], and KO was estimated to be ~1000 MPa/at% due to their likelihood of occupying interstitial sites 

when in solution. Table 6 provides an estimate of the relative solid solution strengthening effects for each 

of the oxide forming solutes (Y, Ti, O), which demonstrate measurable difference in matrix composition 

following each irradiation condition. Shown in Table 6, only the interstitial O solutes contribute substantial 

strengthening ranging from Δσss ~132 to 262 MPa in the BM and Δσss ~70 to 110 MPa in the SZ.  
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Table 6: Estimated solid solution strengthening effects determined from matrix compositions in Table 4 

and Table 5 with Eq. (5). 

Solute, 

i 

Strengthening 

Coefficient, K 

(MPa/at%) 

Δσss (MPa) in Base Metal (BM) Δσss (MPa) in Stir Zone (SZ) 

Unirrad. 

25 

dpa 

400°C 

25 

dpa, 

450°C 

25 dpa, 

500°C 
Unirrad. 

25 

dpa 

400°C 

25 

dpa, 

450°C 

25 

dpa, 

500°C 

Cr 3 [78] 58 59 53 58 59 57 55 59 

Al 9 [78] 78 74 75 75 77 74 73 77 

Y 20 [75] 1 2 2 2 0 0 0 0 

Ti 20 [78] 1 2 2 1 1 1 2 1 

O 1000 [75]  132 256 262 219 70 86 110 86 

Total (MPa) - 271 394 393 355 207 218 239 222 

Strengthening 

- above SZ 

(MPa) 

- 64 176 154 133 - - - - 

 

 Finally, the dispersed barrier hardening model may be used to relate discrete microstructural 

features to changes in the yield strength of the material using: 

∆𝜎𝑦,𝑗 = 𝛼𝑗𝑀𝜇𝑏√𝑁𝑗𝑑𝑗     (7)  

In this expression, M is the Taylor factor (3.06 for bcc Fe alloys [60]), μ is the shear modulus (82 GPa [74]), 

b is the Burgers vector magnitude (0.248 nm [74]), Nj is the number density of feature j, and dj is the average 

diameter of feature j. The remaining factor (αj) represents the relative strength of the barrier and is typically 

a coefficient between 0 and 1. 

The analysis of the two unirradiated specimens (BM and SZ) consider only pre-existing dispersoids 

and nanoclusters. For the low-density dispersoids, a value for αdisp may be estimated using size- and density-

dependent expressions developed by Tan and Busby for incoherent precipitates [81]: 

𝛼𝑑𝑖𝑠𝑝
𝑖𝑛𝑐𝑜ℎ =

0.135

(1−𝜈)1/2(1−0.816𝒅√𝑵𝒅)
𝑙𝑛 (

0.816𝒅

𝑟0
)   (8)  

where ν is Poisson’s ratio (~0.33), and r0 is the dislocation core radius (estimated to equal to b). Although 

the extent of the coherency of the dispersoids is unknown and likely size dependent based upon other studies 

[82], this approach enables estimation of their contribution to strengthening. Using Eq. 8, the estimated 

values for αdisp range 0.60 to 0.71 for the unirradiated samples and provide strengthening estimates from 

Eq. 7 (Δσdisp) of 115 MPa and 88 MPa for the unirradiated BM and SZ, respectively. On the other hand, this 

equation will likely not apply for the higher number density nanoclusters, as Eq. 8 estimates αnc = 0.59 and 

strengthening (Δσnc) of 631 MPa for the BM, which far exceeds the measured yield strength difference of 

~300 MPa above the unirradiated SZ specimen. A prior study of a model ODS [75] also suggests that 

smaller oxide nanoclusters may be more coherent with smaller values for αnc. Instead, Eq. 4 is applied for 

both the unirradiated BM and SZ microstructures. Using the difference between these two expressions, the 

estimated value of αnc = 0.15 was solved for directly. Thus, a summation of the strengthening contributions 

for the unirradiated BM and SZ are illustrated in Figure 12a for comparison to the measured difference in 

strengthening via microindentation (~300 MPa).
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 1 

Figure 12: Estimated combined effects of strengthening mechanisms using Eq. 4 in a) unirradiated BM and SZ, and b) irradiated BM and SZ to 25 2 

dpa, for irradiation temperatures of 400°C and 500°C. For the unirradiated specimens, the ~300 MPa change in strength is derived from the Vickers 3 

hardness results. For the irradiated specimens, the change in strength is derived from nanohardness results at each respective temperature.    4 
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4.2.2 Phase II: Irradiation Temperature Effects 

To isolate the effects of irradiation temperature, the hardness and microstructure measurements are 

compared for the irradiations at 400°C and 500°C to 25 dpa in both the BM and SZ specimens. When 

irradiated to 25 dpa at 400°C, the BM is measured to have a nanohardness 0.03 GPa higher than following 

irradiation at 500°C, translating into a slightly higher yield strength by ~8 MPa. After each irradiation, both 

BM samples have similar irradiation-induced microstructures including dispersoids, nanoclusters, and 

dislocation loops. Similarly, in the SZ nanohardness following irradiation at 400°C is measured to be 0.22 

GPa higher than after irradiation at 500°C, equating to a ~65 MPa higher yield strength. The SZ samples 

also have similar irradiation-induced microstructures with dispersoids and dislocation loops. The 

explanation for higher hardness following 400°C irradiation is likely due to two combined influences: 1) 

lower irradiation temperature results in slightly finer morphologies of dispersoids and loops (and 

nanoclusters in the BM specimens), and 2) increased concentrations of oxide solutes (including O) in the 

matrix due to partial irradiation-induced dissolution of the oxides. 

For correlating the observed microstructures with the measured mechanical properties, Eq. 4 was 

again applied for the irradiations to 25 dpa at 400°C and 500°C, and the difference between the equations 

for each irradiation temperature to mathematically represent the measured differences in Δσy. With this 

approach, separate equations for the BM and SZ were written isolating three unknown values for αdisp, αloop, 

and αnc. Estimated values for αdisp may be approximated using Eq. 8 again for each measured morphology 

of dispersoids. Calculated values for αdisp are found to range from 0.60 to 0.73 (Table 7), which reduces the 

system of two equations to only include two unknowns that are directly solvable. Through solving these 

two equations for the differences in Δσy within both BM and SZ, a value for αloop = 0.60 is estimated. An 

alternative method use a similar size- and density-dependent expression developed by Tan and Busby for 

dislocation loops [81]: 

𝛼𝑙𝑜𝑜𝑝 =
0.271𝐴

(1−𝜈)1/2√𝑁𝑑(16−𝜋𝑡𝐴)
𝑙𝑛 (

0.637𝑑

𝑟0
)    (9)  

where 𝑎 = √16𝜋𝑁𝑑 + 4𝑁𝑑2 − 𝜋2𝑁𝑑𝑡, and t is the dislocation loop thickness (0.165 nm for [111] loops 

in bcc Fe). Using the same approximation of r0 = 0.248 nm, estimated values for αloop using Eq. 9 range 

from 0.57 to 0.67 and are very similar to the fitted value of 0.60. Using the values from Eq. 8 for dispersoids 

and αloop = 0.60, a value for αnc = 0.11 is determined via the system of equations and is similar to the value 

found in phase I, shown in Figure 12b, further suggesting that the smaller-scale, APT-visible nanoclusters 

are likely more coherent with the surrounding matrix. 
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Table 7: Summary of dispersed strengthening hardening strengthening coefficients estimated from this 

study. (N.A. indicates that insufficient data is available to determine this parameter) 

Strengthening coefficient αdisp αnc αloop 

Phase I 

   Unirradiated BM 0.60 0.15 - 

   Unirradiated SZ 0.71 0.15 - 

Phase II 

   BM, 25 dpa, 400°C 0.60 0.11 0.67 

   BM, 25 dpa, 500°C 0.69 0.11 0.60 

   SZ, 25 dpa, 400°C 0.69 - 0.57 

   SZ, 25 dpa, 500°C 0.80 - 0.62 

Phase III 

   BM, 1 dpa, 400°C 0.55 N.A. 0.48 

   BM, 1 dpa, 500°C 0.59 N.A. 0.60 

   SZ, 1 dpa, 400°C 0.72 - 0.53 

   SZ, 1 dpa, 500°C 0.75 - 0.61 

 

4.2.3 Phase III: Irradiation Dose Effects 

For evaluation of the dose effects on microstructure and mechanical properties, the hardness and 

microstructure measurements were compared from 1 dpa and 25 dpa at irradiation temperatures of 400°C 

and 500°C in the BM and SZ samples. Upon irradiation to 400°C, the BM specimens at 1 dpa have a 

nanohardness that is 0.14 GPa higher than after longer irradiation to 25 dpa, equating to ~42 MPa higher 

yield strength. Similarly, upon irradiation at 500°C, the BM specimens are also 0.17 GPa harder at 1 dpa 

than they are after 25 dpa, translating to a difference of ~48 MPa in yield strength. Meanwhile, the SZ 

specimens follow a similar pattern. Upon 400°C irradiation, the 1 dpa samples are 0.30 GPa harder than at 

25 dpa, equating to ~88 MPa in higher yield strength. At 500°C, the 1 dpa samples are 0.23 GPa harder 

(~68 MPa) than those irradiated to 25 dpa. 

For correlation between microstructure and yield strength, a similar approach was applied to estimate 

the values for αdisp and αloop using Eq. 8 and Eq. 9 for dispersoids and dislocation loops observed via STEM 

following each 1 dpa irradiation. The results of these calculations are presented in for comparison with their 

counterparts following 25 dpa irradiation at the same temperatures. In most cases, the size- and density-

dependent values for αdisp and αloop are slightly lower following 1 dpa than they are after 25 dpa of 

irradiation. This simple comparison suggests that the dispersed barrier hardening due to dispersoids and 

loops is not expected to be substantial higher in the 1 dpa samples compared to the 25 dpa samples. In fact, 

the estimated hardening of the SZ samples using Eq. 4 and taking the difference between the 1 dpa and 25 

dpa samples at each irradiation temperature yields much lower predicted hardening (~12 MPa and 7 MPa 

for 400°C and 500°C, respectively) than is measured via nanoindentation (88 MPa and 68 MPa, 

respectively). This discrepancy suggests that an additional hardening mechanism such as solid solution 

strengthening is also present. If this is the case, it would suggest that low dose irradiation at 1 dpa results 

in partial dissolution via ballistic solution of pre-existing dispersoids into solid solution, resulting in a partial 

increase in concentration of oxide solutes (including O) that strengthen the material. Ballistic dissolution 

and radiation enhanced diffusion are two competing mechanisms affecting the stability of dispersoids or 

nanoprecipitates, and it is well-documented that the dominance of one mechanisms over the other is highly 

dependent on temperature, dose, and sink strength [6,62,63,83,84]. The subsequent softening occurring 

after 25 dpa irradiation implies that these solutes potentially segregate toward more stable dispersoids at 
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higher dose, and combine with observed coarsening of the dispersoids and dislocation loops to result in a 

slightly lower hardness and yield strength at the higher dose.  Unfortunately, a full suite of APT-based data 

was not available to characterize the solute concentrations in the matrix at the lower dose levels to confirm 

this hypothesis. A similar comparison could be extracted for the BM samples. Without considering any 

nanoclusters or solid solution strengthening, the yield strength of the BM (using Eq. 4) following 1 dpa 

irradiation is predicted to be ~14 MPa higher than 25 dpa at 400°C, and the 1 dpa sample is actually 

estimated to be softer (-46 MPa) than the 25 dpa specimen at the 500°C temperature. This comparison 

suggests that dispersed hardening due to nanoclusters and solid solution strengthening due to oxide solutes 

are likely to be additional contributors to the strengthening mechanisms.  

 

5 Conclusions  

• ODS MA956 was friction stir welded then ion irradiated with 5 MeV Fe++ at 400, 450 and 500°C. 

After welding and irradiation, the mechanical properties were assessed with nanoindentation and 

the microstructure was assessed with scanning transmission electron microscopy and atom probe 

tomography to determine the combined effect of welding and irradiation. 

• The process of friction stir welding in MA956 results in stir zone material with yield strength that 

decreased ~300 MPa relative to the base material, regardless of irradiation conditions. The softer 

stir zone is likely due to increased grain sizes, redistribution of oxide nanoclusters, and lower levels 

of oxide-forming solutes within solution. The dominant effect on both the microstructure and 

mechanical properties was due to welding process rather than irradiation. 

• The dispersoids in the base material tended to coarsen with irradiation. The formation of new 

dispersoids as a result of irradiation in the stir zone was also observed, though there was also modest 

growth in the average dispersoid diameter. With increased temperature, a lower number density of 

larger dispersoids was observed. Loops formed at all temperatures and promoted a finer 

morphology at the lowest temperature of 400°C. Although the evolution of the dislocation loops 

was inconsistent, the loop diameter tended to increase with temperature and increased less strongly 

with dose. The number density decreased with temperature and the network density was mostly 

stable. Nanoclusters were observed via APT in the base material only.  

• Irradiation at the lowest temperature of 400°C resulted in slightly higher strength than irradiation 

at 500°C to the same doses in both the BM and SZ. This is attributed to lower irradiation 

temperature promoting finer morphologies of dispersoids and loops (and nanoclusters in the BM 

specimens), and 2) increased concentrations of oxide solutes (including O) in the matrix due to 

partial irradiation-induced dissolution of the oxides. 

• Low dose irradiation at 1 dpa likely resulted in partial dissolution of some pre-existing dispersoids 

into solid solution, resulting is a partial increase in concentration of oxide solutes (including O) that 

strengthen the material. The subsequent softening occurring at 25 dpa implies that these solutes 

potentially re-coalesce into dispersoids at higher dose, and combine with observed coarsening of 

the dispersoids and dislocation loops to result in a slightly lower hardness and yield strength at the 

higher dose.  
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