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Abstract 

Accelerator-based ion irradiation is commonly used to simulate neutron damage, in lieu of 

neutron irradiation due to limited availability of fast flux facilities and little to no activation of 

the samples. Neutron atypical effects, however, must be recognized and their impact minimized 

in order to achieve the most accurate microstructural evolution under ion bombardment.  

Mechanical property changes, which arise from the synergy of numerous radiation-induced 

changes, are especially susceptible to these neutron atypical effects.  Of these effects, a recently 

studied neutron atypical effect, arising from Coulomb-drag of vacuum contaminants and 

subsequent compositional alteration, was shown to substantially suppress swelling.  Through the 

use of an ion beam filtering system, the resulting void swelling was shown to closely match 

neutron irradiation data.  In this study, the impact of compositional modification via Coulomb-

drag on the mechanical property changes is examined through the use of nanoindentation on a 

ferritic/martensitic alloy, HT9, irradiated with and without the use of the ion beam filtering 

system. 
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1. Introduction 

The use of ion irradiation as a surrogate for neutron irradiation was largely spurred by the lack of 

fast flux facilities and the long durations needed to achieve damage levels expected in next-

generation fast reactors.  Ion irradiation studies, as a surrogate to neutron irradiation, have shown 

the ability to reproduce the steady-state swelling rates of 0.2 %/dpa and 1 %/dpa for 

ferritic/martensitic (F/M) and austenitic alloys obtained from neutron irradiations, respectively 

[1,2].   

Unlike fast neutron irradiation, where dose gradients are minimal across several hundred 

micrometers, the relatively short range of ions typically used for damage studies results in strong 

dose rate gradients over a few micrometers near the ion-incident surface.  This gives rise to a 

number of neutron atypical effects [3-6].  As a result, the microstructure in the near surface 

region must be clean and relatively free of preparation-induced defects in order to accurately 

capture the bulk response of the system under irradiation.  The limited irradiation volume 

imposes severe restrictions on the application of macroscale mechanical testing.  Thus, nano- and 

microscale mechanical tests are needed to accurately evaluate radiation-induced mechanical 

property changes. 

The possibility of compositional modification (i.e. contamination) during ion irradiation has been 

the subject of discussion but was only very recently addressed [7-9].  It was discovered that 

vacuum contaminants, such as carbon- and oxygen-rich molecules and nitrogen, can be entrained 

into the beam and delivered onto the ion-irradiated area [7].  A simple solution was devised by 

implementing cold traps to getter charge-neutral molecules while a series of bending magnets 

was set to deflect the beam through small angles [8].  Since entrained contaminants typically 

possess a lower mass and energy than the primary ion beam, these contaminants are deflected 

through even larger angles and effectively removed from the ion beam. 

The impact of this neutron atypical effect on void swelling in HT9 was studied previously and 

was shown to be suppressed effectively by the ion beam filtering system [8].  However, the 

mechanical property changes arising from this compositional modification alone have not yet 

been examined.  If the void swelling behavior exhibited dramatic differences between a filtered 

and unfiltered irradiation, then it is reasonable to expect that the mechanical property changes 

will be influenced similarly.  In this study, we utilize nanoindentation to assess the hardness 

changes in HT9 irradiated with and without the ion beam filter to better understand the potential 

impact ion beam-induced compositional modifications may have on the mechanical properties 

after irradiation. 
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2. Experimental Methods 

HT9, with a composition given in Table 1, was heat treated by annealing at 1040 °C for 30 min 

and air cooled, followed by tempering at 760 °C for 1 h and air cooling.  Specimens 3 

millimeters in diameter were sectioned and polished to 4000 grit SiC paper.  The HT9 disks were 

jet electropolished using a solution of 5 vol.% perchloric acid and 95 vol.% methanol at -40 °C 

and 20 V to remove any damage layer from mechanical polishing. 

The HT9 was irradiated with 3.5 MeV Fe2+ ions at 450 °C.  To avoid effects of void swelling 

suppression from rastering, a static ion beam was defocused over the sample area to give a time 

averaged dpa rate of 1.74 x 10-3 dpa/s [4].  Two sets of specimens were compared in this study.  

The first set of HT9 disks was irradiated to 200, 400, and 600 peak dpa as calculated using the 

Kinchin-Pease option of SRIM-2013 with a 40 eV displacement energy [10,11].  The second set 

of specimens was irradiated to 200, 400, 600, and 800 peak dpa using a newly developed ion 

beam filtering systems to remove contaminants entrained by the ion beam [7,8].   

Nanoindentation was performed with a Hysitron TI-950 Triboindenter using a low load 

transducer equipped with a diamond Berkovich tip.  Specimens were loaded at a constant rate up 

to a maximum force of 10 mN over 5 s, held at 10 mN for 2 s, and then unloaded at a constant 

rate over 5 s.  Random locations on the sample with 6-20 indents were made to better capture the 

change in hardness after irradiation.  Secondary ion mass spectroscopy (SIMS) depth profiles of 

carbon, oxygen, and nitrogen were obtained using a Physical Electronics Model 6600 SIMS 

System with a 4 keV Cs beam.  We note that one sample where SIMS was performed, fewer 

indents were made due to the significantly reduced area from the analysis. Transmission electron 

microscopy (TEM) specimens were prepared using a TESCAN Lyra focused ion beam mill 

using a technique described elsewhere [12].  Scanning transmission electron microscopy (STEM) 

high-angle annular dark-field (HAADF), and bright field images were obtained using an FEI 

Tecnai F20 Super Twin operated at 200 kV.  To calculate void swelling, TEM lamella 

thicknesses were measured using a conventional technique using electron energy loss 

spectroscopy. 

 

Table 1 – Composition of the HT9 heat used in the present study. 

 Fe C Cr Mo Si Mn Ni V W 

wt. % bal. 0.21 12.5 1.1 0.29 0.41 0.6 0.3 0.51 
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3. Results  

Fig. 1a shows a typical nanoindentation load-depth plot of an unirradiated HT9 and HT9 

irradiated to 600 peak dpa with and without a filter.  At a maximum load of 10 mN, the 

Berkovich tip did not indent beyond a depth of 400 nm.  Although higher loads can be applied, a 

relatively low load was selected to ensure that the material volume contributing to the hardness 

signal remained largely within the ion irradiated region, while avoiding hardening from size 

effects at shallower depths [13].   

Fig. 1b provides a comparison of the nanoindentation hardness extracted from the load-

displacement curves using the Oliver-Pharr method [14].  The unirradiated HT9 had a measured 

hardness of 3.6 ± 0.13 GPa.  Without filtering, the hardness was observed to increase 

monotonically with increasing damage level up to 600 peak dpa where the hardness was 

measured to be 4.8 ± 0.35 GPa, a 33% increase in hardness above that of the unirradiated HT9. 

The HT9 irradiated with a filter displayed a more complex behavior (Fig. 1b).  The hardness was 

observed to increase to 4.3 ± 0.15 GPa after 200 peak dpa, closely matching that observed in the 

unfiltered irradiation.  However, the hardness of the HT9 decreased to 4.2 ± 0.3 GPa at 400 peak 

dpa and further to 3.9 ± 0.3 at 600 peak dpa.  The hardness at 800 peak dpa (4.0 ± 0.4 GPa) was 

not significantly different than that measured at 600 peak dpa. 

 

 

Figure 1 - (a) Typical load-depth plots for HT9 irradiated to 600 peak dpa and (b) comparison of 

the average hardness of the HT9 after irradiation with and without filtering. 

 

In order to understand the differences in hardness change with damage level, we focused our 

analysis on two radiation-induced phenomena which showed large differences between the two 

irradiation sets: carbide precipitation and void swelling.  Fig. 2 provides the STEM and dark-

field micrographs of the unirradiated HT9 and HT9 irradiated to 200 peak dpa with and without 
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filtering.  Fig. 2a shows the fine lathe structure of the unirradiated HT9 and the large carbides 

along grain boundaries (noted by black arrows), previously identified as M23C6 [8].  Within 

grains, there is no evidence of significant carbide precipitation prior to irradiation.  After 

irradiation to 200 peak dpa, small carbides were observed to appear in both the filtered and 

unfiltered HT9 specimens (Fig. 2d and 2e).  Both irradiated specimens contained carbides of 

similar density and size, with a carbide volume fraction of 0.004 and 0.007 for the unfiltered and 

filtered specimens, respectively.  Significant void swelling was not observed at this damage level 

with only a few voids less than 25 nm in diameter observed in both specimens.  The measured 

void swelling in either specimen was ~0.03%. 

 

Figure 2 – Typical STEM micrographs of (a) unirradiated HT9 and HT9 irradiated to 200 peak 

dpa (b) without and (c) with filtering, and corresponding dark field images of HT9 irradiated (d) 

without and (e) with filtering.  Black arrows in (a) mark grain boundary carbides. 
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The largest difference in nanoindentation hardness in the irradiated HT9 was observed at 600 

peak dpa.  At this damage level, the hardness in the unfiltered HT9 was ~25% higher than in the 

filtered HT9.  SIMS analysis performed on the specimens irradiated at this damage level is 

provided in Figs. 3a-c, with a plot of the calculated dpa and ion range curves from SRIM 

provided as reference in Fig. 3d.  The average amount of carbon in the irradiation volume in the 

filtered HT9 was measured to be ~1.5 at. %, agreeing closely with the SIMS measured value of 

1.3 at. % in the unirradiated HT9.  The average carbon concentration in the unfiltered HT9 was 

measured to be 4 at. %.  Since the average carbon concentration is several times larger than the 

solubility limit of carbon in bcc Fe, it is expected that the unfiltered HT9 should contain a larger 

carbide volume fraction than filtered HT9 at this damage level. 

 

Figure 3 – (a) Oxygen, (b) nitrogen, and (c) carbon comparison for unirradiated HT9 and HT9 

irradiated to 600 peak dpa with and without filtering. (d) SRIM dpa and range curves. 

From the STEM and dark-field TEM micrographs of HT9 irradiated to 600 peak dpa in Figs. 4, 

there are two important observations to be made with respect to voids and carbide precipitates in 

the respective specimens.  The carbide density and size observed in the irradiated region of the 

unfiltered HT9 (Fig. 4c) is clearly larger than that in the filtered HT9 (Fig. 4d).  The average 

carbide volume fraction in the unfiltered HT9 was calculated to be ~0.12, an order of magnitude 

higher than the 0.014 measured in the filtered HT9 specimen, in agreement with the conclusion 

derived from SIMS (Fig. 3a).  From Figs. 4a and 4b the overall void size and density of the HT9 

irradiated with the filtering system was higher than that of the HT9 irradiated without the filter.  
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The resulting void swelling in the filtered specimen reached ~1.3%, nearly an order of magnitude 

higher than that of the unfiltered HT9 at ~0.19%.   

 

Figure 4 – Typical STEM micrographs of HT9 irradiated to 600 peak dpa (a) without and (b) 

with filtering and corresponding dark field images of HT9 irradiated (c) without and (d) with 

filtering. 
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4. Discussion 

From nanoindentation and microscopic investigations, there are two notable developments in the 

microstructure that echo the conclusions made in our previous study [8].  Without a filtering 

system, the microstructure of HT9 developed a high density of large carbides with little or no 

void swelling, giving rise to an ever-increasing hardness with damage level.  The implementation 

of a filtering system resulted in the development of small carbides at low doses, and large voids 

and void swelling at higher damage levels.   

From a quick glance, it is convenient to attribute the difference in hardness to the differences in 

both carbide precipitation and void swelling.  Despite the large differences in void swelling at 

600 peak dpa, neither specimens exhibited swelling to levels greater than a few percent.  

Furthermore, the large differences in carbide precipitation, especially at 600 peak dpa, contrast to 

the comparatively smaller difference in hardness measured at this damage level.   Is it reasonable 

to expect that swelling of this amount should induce softening of the material?  Moreover, does a 

conventional model of precipitate hardening adequately explain the apparent discrepancy 

between the difference in carbide precipitation and measured hardness?   

Carbon solution strengthening is a well-known technique to improve the wear resistance of 

materials through the introduction of interstitial carbon to the microstructure.  At concentrations 

above the 0.02 wt. % (~1 at. %) limit in body-centered cubic Fe systems, carbon precipitates out 

of solution as a precipitate whose composition and structure are determined, in part, by the 

amount of excess carbon in the system.   Several types of carbides were previously observed in 

this system after irradiation, including M23C6, M7C3, and M3C [8].  Carbides possess a higher 

hardness than the tempered martensite matrix, typically greater than 15 GPa, resulting in an 

overall hardening effect from carbide precipitation [15].  It is assumed that the precipitation of 

carbides does not reduce the amount of carbon in solid solution. 

The change in hardness arising from carbide precipitation and growth can be calculated using the 

dispersion barrier hardening (DBH) model [16], 

∆𝜎𝑐 = 0.8𝑀𝛼𝐺𝑏/𝜆  

where M is the Taylor factor and measured to be ~3 for bcc polycrystalline metals [17], α is the 

barrier strength coefficient, G is the shear modulus of the matrix, b is the magnitude of Burger’s 

vector (0.248 nm for {111}[110]), and λ is the mean free path between precipitates.  For the 

purpose of estimating the hardness contribution, we have assumed the barrier strength coefficient 

to be 0.5 and the shear modulus to be 60 GPa.  Calculation of mean free path for precipitates 

with high aspect ratios cannot be accurately made by simplifying them as spherical precipitates, 

even for estimates.  The mean free path can, however, be calculated using a similar formalism 

derived for spherical precipitates with considerations made by Sonderegger and Kozeschnik [18], 

𝜆 =  √
ln(3)

2𝜋 ∑ 𝑛𝑉,𝑖𝑛𝑖𝑖
+ (2𝑟𝐴)2 − 2𝑟𝐴 

where 
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𝑟𝐴 = √
2

3
×

∑ 𝑛𝑉,𝑖𝑛𝑖
2

𝑖

∑ 𝑛𝑉,𝑖𝑛𝑖𝑖
 

and 𝑟𝐴 is the mean radius of the intersection area of the precipitate and slip plane. For a given 

particle type i, 𝑛𝑉,𝑖 is the density of precipitates, and 𝑛𝑖 is defined as the distance from the center 

of a precipitate to the slip plane when the plane just touches the precipitate. For particles with 

half-axes aligned to (100) in a bcc system, 𝑛𝑖 can be calculated by, 

𝑛𝑖 =
2𝑎𝑖

2 + 𝑐𝑖
2

2
 

where 𝑎𝑖 and 𝑐𝑖 are the half-axes of the precipitate. 

The other phenomenon under consideration, void swelling, is a well-studied life limiting 

phenomenon occurring in nuclear reactors, specifically in fast reactors [19].  At small sizes, both 

voids and He bubbles have been observed to increase hardness of irradiated steels [20,21].  The 

hardening from voids can be calculated from 

∆𝜎𝑉 = 𝑀𝛼𝐺𝑏√𝑁 × 𝑑 

Where α is a constant measured to be 0.38 for polycrystalline iron [22], N is the density of voids, 

and d is the size of the voids.  The equation above suggests that the change in hardness should 

increase monotonically with increasing void size and density.  However, at higher swelling 

values, starting at ~5% in stainless steels, the hardness of irradiated steels was observed to 

decrease precipitously, as observed by uniaxial tensile and ring pull tests [23].  The underlying 

cause of the drop was attributed to the fact that significant void swelling reduces the shear 

modulus which, in turn, lowers the barrier strength of defect sinks.  The net effect is a softening 

and embrittlement of the material.   

Figs. 5a and 5b provide a comparison of the hardness changes observed in the HT9 irradiated 

without and with a filter, respectively.  The calculated contributions to hardness from the 

carbides and voids are also provided in each plot.  In the unfiltered irradiation (Fig. 5a), it is clear 

that the hardening contribution from voids is not significant.  At low doses, the hardening 

contribution from carbides is similar to the hardness change measured in the irradiated 

specimens, suggesting that the carbon precipitates play a dominant role in the change in 

mechanical response.  At higher doses, however, the estimated hardening from carbide growth 

exceeds the measured hardness change in the irradiated HT9.  From the present data, it is 

difficult to attribute a single source to the observed change.  It is possible that the previous 

assumption of a constant concentration of carbon in solid solution is incorrect, and that, in the 

extreme, all of the carbon in solid solution precipitated out, resulting in a softening of the 

material.  On the other hand, more complex carbide behavior or carbide-dislocation interaction 

under indentation (e.g. fracture or dissolution) may also serve to reduce the effectiveness of these 

carbides as barriers to dislocation motion.  We note that while there are other sources of 

hardening in the material under irradiation, such as dislocation loop formation and densification 
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of the dislocation network, these do not resolve the large discrepancy in expected hardness 

change. 

 

Figure 5 – Measured hardness change in HT9 and calculated hardening from carbide and void 

formation for the (a) unfiltered and (b) filtered HT9 irradiations.  The shaded region bound by 

solid or dashed lines represents one standard deviation from the mean of hardness values. 

The hardness change observed in the filtered HT9 irradiation (Fig. 5b) shows agreement with the 

estimated hardening from carbide precipitation.  Despite more void swelling, hardening from 

voids was not observed to be a major contribution.  While carbides appear to match the average 

change in hardness of HT9, the softening observed from 200 peak dpa to 600 peak dpa is not 

accounted for by these two sources alone.  One possibility may be that since nanoindentation is a 

more localized test compared to bulk mechanical tests (i.e. tensile or compression tests), the 

localized void swelling of ~3% near the surface may serve to soften the material, rather than 

harden.  However, we must also acknowledge that a thin oxide layer was observed after 

irradiation with a thickness of ~20 nm measured by TEM, but the filtered irradiation showed a 

lesser oxide growth with a thickness of ~5 nm.  The differences in oxide layer growth may also 

influence the hardness differences. 

For the purpose of discussion, we consider the possibility that at a high carbide volume fraction, 

the DBH model may not appropriately describe the hardening of the system.  At high carbide 

volume fractions, the calculated hardness can surpass an upper limit of the harder phase since 

∆𝜎𝑐 ∝ 1/𝜆.  In this case, a simpler interpretation using the rule of mixtures (ROM) may lead to a 

better fit of the data.  The upper limit to the hardness of a mixture can be described by 

𝐻′ = 𝑓𝑐𝐻𝑐 + 𝑓𝑚𝐻𝑚 
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Where 𝐻′ is the hardness of the composite under iso-strain conditions on both phases, 𝑓𝑐 and 𝑓𝑚 

are the volume fractions of the carbide and matrix, and 𝐻𝑐 and 𝐻𝑚 are the hardnesses of the 

carbide and matrix, respectively.  The lower limit to the hardness of a composite is 

𝐻′′ = (
𝑓𝑐

𝐻𝑐
+

𝑓𝑚

𝐻𝑚
)−1 

where 𝐻′′ is the hardness of the composite under iso-stress conditions on both phases.  Figs. 6 

compare the measured hardness of the unfiltered HT9 (Fig. 6a) and filtered HT9 (Fig. 6b) with 

the estimates dervied from the rule of mixtures. 

 

Figure 6 – Measured hardness of HT9 and predicted ROM hardness for the (a) unfiltered and (b) 

filtered HT9 irradiations. H' and H" are the hardness under iso-strain and iso-stress conditions, 

respectively. 

At low damage levels, ROM hardness estimates do not appropriately predict the hardness of the 

irradiated HT9.  The DBH model (Fig. 5) provides a much closer prediction.  At higher damage 

levels starting at 400 dpa in the unfiltered and 600 dpa in the filtered irradiations, the upper limit 

of hardness calculated by the rule of mixtures closely matches the expected results.   
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5. Conclusion 

An HT9 heat was ion irradiated at 450 °C to damage levels of 200, 400, and 600 peak dpa 

without beam filtering, and 200, 400, 600, and 800 peak dpa with beam filtering, respectively.  

Nanoindentation hardness mesaurements made using a Berkovich tip showed a monotonically 

increasing hardness for the unfiltered HT9 reaching a hardness value of ~4.8 GPa.  Hardness 

measurements on the filtered HT9 showed an initial increase in hardness up to 400 peak dpa, 

followed by a decrease to a hardness value of ~4.0 GPa at 600 and 800 peak dpa.  The major 

difference in hardness at 600 peak dpa was thought to arise from the difference in carbon 

concentration and, subsequently, the carbide volume fraction.  Calculation of the hardness 

changes due to void swelling and carbide growth reproduced the observed behavior but were not 

able to accurately predict the hardness when carbides comprise a significant volume fraction of 

the material (~40 vol.%).  A simple rule-of-mixtures calculation showed better agreement at 

these carbide volume fractions.  The present work clearly shows that ion irradiation must be 

conducted cleanly and with beam contamination in mind.  Without a technique or system to filter 

contaminants in the beam, both the microstructure and, consequently, the mechanical properties 

of the irradiated system will be subject strongly to a neutron atypical effect.  This, in turn, limits 

its value in comparisons with other ion irradiated and neutron irradiated alloys. 
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