
1

The Radiation Instability of Thermally Stable Nanocrystalline Platinum-Gold

Ryan Schoella, Christopher M. Barra, Douglas L. Medlinb, David P. Adamsa, Yasir 

Mahmoodc, Fadi Abdeljawadc,d,e, and Khalid Hattara,f,*

a Material, Physical, and Chemical Sciences Center, Sandia National Laboratories, Albuquerque, USA

 b Energy Nanomaterials Department, Sandia National Laboratories, Livermore, United States

 c Department of Mechanical Engineering, Clemson University, Clemson, South Carolina 29634, United States

 d Department of Materials Science and Engineering, Clemson University, Clemson, South Carolina 29634, United 

States

e Department of Materials Science and Engineering, Lehigh University, Bethlehem, PA, United States

f Department of Nuclear Engineering, University of Tennessee – Knoxville, Knoxville, TN, United States

*khattar@utk.edu

Recent experimentally validated alloy design theories have demonstrated nanocrystalline 

binary alloys that are stable against thermally induced grain growth. An open question is 

whether such thermal stability also translates to stability under irradiation. In this study, we 

investigate the response to heavy ion-irradiation of a nanocrystalline platinum-gold alloy 

that is known to be thermally stable from previous studies. Heavy ion-irradiation was 

conducted at both room temperature and elevated temperatures on films of nanocrystalline 

platinum and platinum-gold. Using scanning/transmission electron microscopy equipped 

with energy dispersive spectroscopy and automated crystallographic orientation mapping, 

we observe substantial grain growth in the irradiated area compared to the controlled area 

beyond the range of heavy ions, as well as compositional redistribution under these 

conditions and discuss mechanisms underpinning this instability. These findings highlight 

that grain boundary stability against one external stimulus, such as heat, does not always 

translate into grain boundary stability under other stimuli, such as displacement damage.
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Introduction

Grain growth in metals can be induced by a variety of driving forces with the three most 

common stimuli being thermal exposure, mechanical loading, and irradiation [1, 2]. The far-from-

equilibrium and large interconnected network of grain boundaries in nanocrystalline metals results 

in materials that are microstructurally unstable (i.e., exhibiting rampant grain growth under 

different environmental exposures) and for which mechanisms underpinning stability are still 

highly debated [1, 3-7]. In response, much recent research has sought to hinder grain growth and 

thereby to limit the inherent instability resulting from high interfacial density [8-12] by alloying. 

Based on both experimental and theoretical analyses, it has been proposed that the segregation of 

solutes either stagnates grain growth via solute drag [12] or that it stabilizes the grain boundaries 

by reducing interfacial free energy, i.e., the thermodynamic route, and thus lowering the driving 

force for growth [9, 12]. However, an open question is whether the mechanisms that stabilize grain 

boundaries to thermal stressors will also operate in the same manner under irradiation. Indeed, 

given that irradiation has been shown to drive grain growth in several systems [2, 13-15], it is quite 

possible that it could counteract the stability mechanisms provided by alloying. Competing 

mechanisms like radiation-induced mixing and thermal diffusion of solutes to boundaries from the 

bulk would dictate the ability for the grains to grow and higher temperatures could prove to 

overcome radiation-induced mixing. 

The thermodynamic route to the stability of nanocrystalline materials has emerged from 

early models including those by Murdoch et al. [8] and Trelewicz et al. [9] that replaced empirical 

equations based on size mismatch, low bulk solubility, and cohesive energy with a model related 

to the enthalpy of mixing and segregation [16-18]. Recent approaches include those suggested by 
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Rupert et al. [11], who observed Amorphous Intergranular Films (AIF) at grain boundaries of some 

binary metallic alloys and developed selection rules for AIF formation based on the enthalpy of 

mixing, enthalpy of segregation, and the atomic radius mismatch. Other models developed by 

VanLeeuwen et al. [12] showed that the chemical contribution must be taken into account along 

with elastic strain energy to estimate the reduction in the thermodynamic driving force for grain 

growth. Mechanically-driven grain growth has been thought to either be the result of stress [6, 19] 

or strain [5]. Alloy design to mitigate grain growth from irradiation has been sparse [20-22]. 

Irradiation of nanocrystalline materials has been found to cause grain growth via thermal spikes 

[15] where atomic jumps within a thermal spike, defined here as the thermal energy created during 

a single cascade event, leads to boundary migration. Moreover, the model includes cascade and 

sub-cascade structures at grain boundaries [15]. Recent models have attempted to add the role of 

grain boundary character in irradiation induced grain growth [23]. Some studies have been 

conducted to examine the effects of ion beam mixing on different phases to study their stability, 

especially in immiscible binary alloys [24-26]. Further experimentation to evaluate potential 

stability of nanocrystalline alloys under irradiation needs to be conducted to develop an 

understanding of the mechanisms of grain size stability.    

In this study, we investigate the potential competing effects active from both thermal and 

heavy ion-irradiation on grain growth.  We focus on the Pt-10Au system, an alloy system for which 

solute segregation to the grain boundaries is well known to stabilize the material against thermal 

grain growth [27-30]. We also discuss these findings in the context of other stressors, such as 

mechanical loading.  Specifically, this study shows how optimization against one external stimulus 

does not equate to stabilization against other stimuli. 
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Materials and Methods

Two films were grown via direct current magnetron sputtering to create 5 µm of pure Pt 

and Pt-10 at. %Au (Here on out referred to as Pt-10Au) on a thermally oxidized (100) oriented Si 

substrate with a 400 nm SiO2 layer using targets with 99.99 at.% purity. The composition of the 

films was determined using a JEOL model JXA-8530F Wavelength Dispersive Spectroscopy 

operating at 7 kV with a compositional resolution of 0.5 at.% [29].  Pt and Pt-10Au were 

specifically selected to decouple the effects of segregation on the stability of the microstructure 

due to both thermal and irradiation stressors. Moreover, the nanocrystalline Pt-10Au system is 

known to be stable against grain growth under thermal exposure due to segregation of Au to the 

grain boundaries [27-30], and thus it serves as a well understood system for exploring the still 

nebulous effects of irradiation. The Pt-10Au on Si was heat treated in a vacuum furnace at 500 °C 

for 2 hours to induce gold segregation to the grain boundaries in the Pt-10Au sample based on the 

results of a previous study on this system [27]. Sections of both films were then irradiated with 20 

MeV Au4+ at nominally room temperature and at 500 °C to a total fluence of 2×1016 ions cm-2 to 

a peak damage of ~140 displacements per atom (dpa) according to the Stopping and Range of Ions 

in Matter (SRIM) 2008 software (Displacement energy set to 40 eV for both Au and Pt) [31]. The 

film thickness and ion irradiation energy were specifically chosen to irradiate half the 5 µm-thick 

film so that an irradiated region could be directly compared to the vicinal non-irradiate region 

below and any surface effects could be minimized. The ion species of Au was chosen because 

heavy ion irradiation was desired and self-ion irradiation for the Pt-Au system would remove the 

effects of other elemental species even with low implanted atomic concentrations on the order of 

10-3 at%.  In fact, the general columnar nature of the sputter deposited microstructure provides a 

means of having the same grains in both the irradiated region and the non-irradiated region for 
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comparison.  

TEM specimens containing both irradiated and non-irradiated regions were prepared by  

Focused Ion Beam (FIB) techniques using a Thermo Fisher Scientific Scios 2 Dual Beam system. 

Initial trenches were created using a 30 kV 15 nA gallium beam far from the desired sample 

location and sequentially lower beam energy and currents were used closer to the sample.  The 

specimens were finished with a final 2 kV polish step to reduce the amount of FIB induced damage 

to the sample. The non-irradiated microstructures were obtained from regions beyond both the 

damage profile and implanted gold profile created by the ion irradiation. Bright-Field (BF) 

micrographs were collected via an image-corrected FEI Titan Transmission Electron Microscope 

(TEM) operating at 300 kV. Grain sizes were measured and analysed in both irradiated and non-

irradiated regions via an ASTM E112-13 linear intercept method.  Chemical mapping was 

conducted by Energy Dispersive X-ray Spectroscopy (EDS) in probe corrected scanning 

transmission electron microscope (FEI ThemisZ operated at 300 kV).  EDS quantification was 

conducted using the Thermo Fisher Velox Software, using library reference standards. Both 

instruments are equipped with 4-quadrant EDS detectors. Automated Crystallographic Orientation 

Mapping (ACOM) was performed on a JEOL 2100 TEM operated at 200 kV. 

Results

As is common (or typical) of FCC films grown by physical vapor deposition, both the Pt 

and Pt-10Au films grew in a predominately (111) orientated with columnar structures thus making 

the films equiaxed in plan-view and columnar in cross section. The thermal stability of these Pt 

and Pt-Au alloys over a range of Au concentrations has been extensively studied in multiple 

previously reported plan-view in situ TEM experiments [27-30]. 
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 Figure 1a and b show FIB lift-outs of the Pt film after irradiation at room temperature in 

the non-irradiated region and the irradiated region, respectively. Similarly, the BF TEM 

micrographs associated with the non-irradiated and irradiated regions of the Pt-10Au sample after 

room temperature irradiation are shown in Figure 1c and d. In both films, extensive grain growth 

occurred within the irradiated region with an average grain size and a standard deviation of 190 ± 

69 nm and 160 ± 82 nm in the Pt and Pt-10Au samples, respectively. In contrast, the non-irradiated 

region showed average grain sizes and standard deviation of 52 ± 17 nm and 57 ± 21 nm in the Pt 

and Pt-10Au samples, respectively. The grain size distributions for both the irradiated and non-

irradiated regions are shown in Figure 1e in both the Pt and Pt-10Au films. Since these grains are 

columnar, the grain width is sufficient to describe the grain size, and this is what is represented in 

figure 1e. 
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Fig. 1. BF TEM of irradiated room temperature Pt in (a) non-irradiated and (b) irradiated 
region and Pt-10Au in (c) non-irradiated and (d) irradiated region. Histograms of grain width in 

irradiated and non-irradiated regions in the (e) Pt and (f) Pt-10Au samples. 

In contrast to the behaviour of the films under purely thermal exposure, the Pt-10Au films 

are unstable to radiation-induced grain growth. A High Angle Annular Dark-Field (HAADF) 

STEM micrograph of the resulting microstructure after ion irradiation is shown in Figure 2. 

Comparing the simulated damage profile, computed using SRIM [31], with the HAADF 

micrograph shows a clear division between the irradiated regions with large grain sizes and the 

non-irradiated region with smaller grain sizes.  It is also interesting to compare the distribution of 

Au, as measured by EDS.  In the unirradiated region, Au is segregated to the grain boundaries, 

consistent with previous reports [27-30].  In contrast, the irradiated region of the adjacent 

microstructure has grain boundaries that are no longer enriched in Au.

 Pores of about 18 nm ± 5 nm were also identified in the irradiated region at the grain 

boundaries. We hypothesize that these most likely arise from the clustering of vacancies already 

present in the as-deposited film microstructure and vacancies introduced through irradiation 

mechanisms. The presence of these voids highlights the high concentrations of vacancies that 

irradiation induces in the irradiated region. Similar voids have been experimentally observed 

previously in this system [28, 32]
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Fig. 2. HAADF STEM micrograph of Pt-10Au film after 20 MeV Au4+ ion irradiation at room 
temperature to a fluence of 2×1016 ions cm-2 and elemental maps of Au. 
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A similar analysis was done on the samples irradiated at 500 °C using the 20 MeV Au4+ 

ion beam. Figure 3 shows the BF micrographs associated with the irradiated and non-irradiated 

regions of Pt and Pt-10Au after irradiation at 500 °C. Like the room temperature irradiations, 

extensive grain growth, compared to the non-irradiated region, is evident within the irradiated 

region in both the Pt and Pt-10Au samples. Further analysis of the Pt-10Au sample irradiated at 

500 °C showed desegregation of Au that is still present in the non-irradiated region as shown in 

Figure 4. 

Fig. 3. BF TEM of irradiated 500 °C Pt in (a) non-irradiated and (b) irradiated region and 
Pt-10Au in (c) non-irradiated and (d) irradiated region. 
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Fig. 4. HAADF STEM micrograph and Au compositional maps of Pt-10Au film after 20 
MeV Au4+ ion irradiation at 500 °C to a fluence of 2×1016 ions cm-2 
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We also analyzed the changes in the grain structure and orientations with the aim of 

determining which boundary misorientations were more prevalent.  Figure 5 shows the results of 

the ACOM mapping in both the room temperature (Figure 6a) and 500 °C samples (Figure 6b), 

indicating that that higher angle grain boundaries (>30°) are more prevalent in the irradiated region 

compared to the non-irradiated region as is depicted in the bar graph Figure 6c indicating the 

preferential removal of low angle grain boundaries during the grain growth process.

Fig. 5. ACOM of Pt-10Au films at (a) room temperature and (b) 500 °C with (c) 
histogram of grain boundaries. 

Beyond specifically looking at segregation of Au at grain boundaries and their 

misorientation, Figure 6 shows compositional measurements across the entire thickness of the 

films (i.e., along the deposition direction) for both the room temperature and 500 °C condition. 

Enrichment of the Au/Pt ratio in the irradiated region of the 500 °C specimen can be seen.   
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Analysis of line scan profiles indicates that the Au concentration has increased to approximately 

15 at.% in the upper irradiated region and decreased to approximately 5 at.% in the lower, 

unirradiated region.

Fig. 6. a) HAADF and elemental maps of the room temperature sample showing both 
irradiated and pristine regions. b) SRIM simulation with both the damage profile and 

concentration of implanted Au plotted for the Pt-10Au samples at a fluence of 2×1016 ions cm-2. 
c) HAADF and elemental maps of the 500 °C sample over the thickness of the film showing 

strong Au segregation to the irradiated region 

Discussion 

Previous studies on the Pt-10Au system [28, 30] have revealed the stability of nanocrystalline 

microstructure at elevated temperatures of 500 °C and 700 °C compared to pure nanocrystalline 

Pt. The stability of Pt-10Au system has been associated with Au segregation to the Pt grain 

boundaries reducing the energy of the boundary and therefore reducing the driving force for grain 

growth [28, 30].  In previous experimental work, STEM EDS maps of films annealed at 500 °C 

revealed that the segregation of Au to the grain boundaries is heterogeneous and depends on grain 

boundary type: at low angle grain boundaries Au concentration ranged from 17-22 at.%, at high 

angle grain boundaries the concentration ranged from 30-45 at.%, whereas coherent twin 
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boundaries showed no discernible segregation [30]. Previous reports suggest only a subset of the 

grain boundary segregation is needed to maintain a nanocrystalline microstructure under thermal 

conditions [33]. Although previous studies have demonstrated that the Pt-10Au system shows 

some stability against grain growth under thermal conditions [28, 30], our findings here show that 

this system is unstable to grain growth under irradiation, both at room temperature and at elevated 

temperature. Irradiation led to a higher frequency of high angle grain boundaries that would have 

been suitable for Au stabilization at the boundaries [30].  This experiment illustrates how different 

stressors can have competing effects due to different operating mechanisms and that irradiation 

appears dominant at temperatures up to at least 500 °C.

Insight concerning the destabilizing effect of the heavy ion irradiation is provided by the 

observed absence of Au grain boundary segregation in the irradiated region. The experiments 

showed a lack of Au at the grain boundaries in the irradiated region. Ion beam mixing during heavy 

ion-irradiation could drive desegregation of Au at the boundaries and thus remove the stabilizing 

effects of the segregated Au. Irradiation has often been shown to have the opposite thermal solute 

effect, i.e., inverse Kirkendall and non-equilibrium mixing, compared to thermal effects [34]. Ion 

beam mixing can lead to the forced displacement of atoms, which competes with the thermally 

activated jumps and leads to non-equilibrium phase mixing [24]. Without the Au to stabilize the 

grain boundaries, ion-induced grain growth, as described by the thermal spike model  [23], can 

occur. 

Interestingly, the irradiation of the Pt-10Au sample at 500 °C did not show much reduction 

of grain growth. 500 °C, ~0.3 Tm, was chosen to provide adequate mobility to the solute, vacancies, 

and interstitials without having thermally dominated processes govern the microstructural 

evolution. Although the entropic effect at elevated temperatures is expected to reduce grain 
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boundary segregation effects, the results indicated that the effects of irradiation were more 

dominant than the Au segregation effects, i.e., equilibrium grain boundary segregation. The Au 

solute demonstrated extensive long-range diffusion, no preferential accumulation at grain 

boundaries, and more grain growth than either the sample just heated to 500 °C or irradiated under 

the same condition but at nominally room temperature. Effects from ion beam heating are ruled 

out since irradiation was done at 500 °C and therefore well above the expected temperature 

increase due to beam heating of conductive metals with 20 MeV and a current on the order of 10 

nA [35]. The other mechanism which might be at play would be one where excess interstitials and 

vacancies at the grain boundary as a result of irradiation cause migration of slower smooth 

boundaries that would otherwise inhibit grain growth [33].  As such, it is now hypothesized that 

ion beam mixing can simultaneously lead to the forced displacement of Au, cause significant 

migration of Au from the grain boundaries, and alter the grain boundary character--which can all 

contribute to the grain growth observed. Further work is needed to deconvolute the potential 

contributions of each. 

As noted above, we also observed a redistribution of solute, enriching the Au concentration 

in the irradiated region of the 500 °C sample compared to the relatively homogeneous overall Au 

concentration in the room temperature sample (see Figure 6). While this observation is not the 

primary focus of this study, it is useful to briefly consider the factors controlling this redistribution.  

Our goal is not to provide a mechanistic understanding of this solute redistribution, but rather 

illustrate a framework based on irreversible thermodynamics to quantitatively describe the 

observations in Figure 6. The irradiated region of the sample is characterized by a high density of 

point defects (i.e., vacancies and interstitials) compared to the pristine portion deeper than the end 

of range of the implanted damage. This in turn creates gradients in point defect concentrations 
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across the sample thickness. In such substitutional alloys, the flux of point defects down the sample 

thickness is accompanied by a flux of chemical species in the opposite direct. This mass transport 

is characterized by several transport coefficients, which are thermally activated, and the higher 

temperature leads to faster diffusion of species. We can eliminate ion-implantation as the source 

of the increased Au in the upper region of the 500 °C specimen for the following reasons. (1) This 

increase is not observed in the room temperature sample, and (2) the additional concentration due 

to implantation, as predicted by SRIM, is maximum around 0.35 at.%. In addition, the columnar 

structure can provide a faster diffusion path along the grain boundaries from the non-irradiated 

region to the irradiated region. 

Irreversible thermodynamics provides a framework to model and quantify the various 

operative transport mechanisms. In addition to Pt and Au, Pt-Au alloys under irradiation are 

characterized by points defects, namely interstitials i and vacancies v. As a result, these systems 

can be described by four compositions fields, 𝑥𝑝𝑡, 𝑥𝑎𝑢, 𝑥𝑖, and 𝑥𝑣 for Pt, Au, interstitials, and 

vacancies, respectively. Following the treatment of Piochaud et al. [36], the fluxes of species 𝑗𝛼 

are related to driving force 𝐹𝛽 as 𝑗𝛼 = 𝐿𝛼𝛽𝐹𝛽, where 𝐿𝛼𝛽 are the Onsager transport coefficients. 

Using the Gibbs-Duhem relation 𝑥𝑝𝑡∇𝜇𝑝𝑡 + 𝑥𝑎𝑢∇𝜇𝑎𝑢 = 0 in the limit of dilute defect 

concentrations (i.e., 𝑥𝑖 ≪ 1 and 𝑥𝑣 ≪ 1) yields the following expression for the flux of Pt and Au 

species.

𝑗𝑝𝑡 = ―

𝐿𝑖
𝑝𝑡,𝑎𝑢 + 𝐿𝑣

𝑝𝑡,𝑎𝑢 𝑥𝑝𝑡 ― 𝐿𝑖
𝑝𝑡,𝑝𝑡 + 𝐿𝑣

𝑝𝑡,𝑝𝑡 𝑥𝑎𝑢 ∇𝜇 + 𝐿𝑖
𝑝𝑡,𝑝𝑡 + 𝐿𝑖

𝑝𝑡,𝑎𝑢 ∇𝜇𝑖 ― 𝐿𝑣
𝑝𝑡,𝑝𝑡 + 𝐿𝑣

𝑝𝑡,𝑎𝑢 ∇𝜇𝑣

,

𝑗𝑎𝑢 = ―
𝐿𝑖

𝑎𝑢,𝑎𝑢 + 𝐿𝑣
𝑎𝑢,𝑎𝑢 𝑥𝑝𝑡 ― 𝐿𝑖

𝑎𝑢,𝑝𝑡 + 𝐿𝑣
𝑎𝑢,𝑝𝑡 𝑥𝑎𝑢 ∇𝜇 + 𝐿𝑖

𝑎𝑢,𝑝𝑡 + 𝐿𝑖
𝑎𝑢,𝑎𝑢 ∇𝜇𝑖 ― 𝐿𝑣

𝑎𝑢,𝑝𝑡 + 𝐿𝑣
𝑎𝑢,𝑎𝑢 ∇𝜇𝑣

,
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where 𝜇 = 𝜇𝑝𝑡 ― 𝜇𝑎𝑢 is the chemical potential difference between Pt and Au. Here, transport in 

the Pt-Au alloy is assumed to be vacancy (i.e., 𝐿𝑣
𝛼𝛽) and interstitial (i.e., 𝐿𝑖

𝛼𝛽) mediated. The above 

expressions for Pt and Au fluxes highlight the complex transport mechanisms pathways that are 

operative during irradiation. For example, the flux of Au is governed by several transport 

coefficients 𝐿𝑖
𝑎𝑢,𝑎𝑢, 𝐿𝑣

𝑎𝑢,𝑎𝑢, 𝐿𝑖
𝑎𝑢,𝑝𝑡, and 𝐿𝑣

𝑎𝑢,𝑝𝑡, all of which are concentration and temperature 

dependent. Therefore, an understanding of solute redistribution shown in Figure 6 requires a 

detailed investigation of the various operative mass transport coefficients, including cross-

diffusion terms, i.e., 𝐿𝑝𝑡, 𝑎𝑢. The flux equations discussed above reveal the complex nature of 

defect-mediated mass transport processes in irradiated alloys and highlight the need to 

quantitatively characterize and model the associated transport coefficients that will be part of 

future studies. These studies should provide greater insight into the apparent lack of diffusion of 

Au to the surface and the nonuniform distribution within the film despite the long-range transport 

observed during irradiation seen in this initial observation.

More broadly, further work addressing the stability of the nanostructure under irradiation 

conditions should focus on elucidating the variations of active mechanisms through a combined 

effort from in situ work and computational modelling in a variety of ideal and commercially 

relevant alloy systems. As was observed at elevated temperatures in [25], segregation of Au differs 

based on the type of grain boundary. The effect of grain boundary character also requires more 

scrutiny to determine its role in nanocrystalline stability and transport. Finally, other mechanical 

stressors including monotonic tensile loading [22] and cyclic fatigue loading [30] have been shown 

to drive grain growth in nanocrystalline Pt films while showing limited or no grain growth in the 

Pt-10Au films. Additionally, Au is found to strengthen the material as well as improve its fatigue 

resistance, although the addition of Au was found to cause embrittlement [22, 30]. Future 
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comparison of the response of the Pt-10Au film under irradiation with the response to thermal and 

mechanical loading stimuli may help elucidate how coupled or sequential irradiation affects the 

stabilization effects of Au segregation would be interesting. 

The observations in this study suggest that the philosophy of solute segregation that has 

been shown to improve the thermal stability of nanocrystalline materials [9-11] may not apply to 

the irradiation stability due to the increased complexity of intermixing associated with the cascade 

damage and the self-interstitial atoms being introduced. Further studies are needed to determine 

how broadly such differences between thermal and radiation stability are prevalent. In addition, 

other strategies such as tailoring grain boundary character and the addition of radiation tolerant 

precipitates in nanocrystalline systems may avoid such radiation induced diffusion concerns. The 

fundamental understanding of grain boundaries learned in model systems such as the PtAu system 

can assist in the development of commercially relevant alloys with advanced properties [37].

Conclusion  

The beneficial properties associated with a nanocrystalline metals has largely been limited by grain 

boundary instability. Solute segregation has provided one effective strategy for limiting or 

stopping grain growth under thermal and mechanical stressors. In contrast, our results show that 

under irradiation conditions, solute segregation fails to limit grain growth at both room temperature 

and elevated temperatures Our findings suggest that irradiation induced desegregation of Au at 

grain boundaries defeats the stabilization mechanisms that would normally operate under purely 

thermal or mechanical stressors. Importantly, this study reveals that stabilization of nanocrystalline 

grains under one stressor does not equate to other stressors. In fact, different stressors should be 

explored to better understand nanocrystalline stabilization. The stabilization effects of segregated 

Au at the grain boundaries appear to disappear due to possible ion beam mixing. Further 
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investigation into the sensitivity of both the initial segregation and ion-induced desegregation on 

grain boundary character would provide further insight into the local mechanisms controlling  

nanocrystalline stabilization. 
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