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Abstract 

Secondary Ion Mass Spectrometry is an important technique for the study of the composition 

of a wide range of materials because of the exceptionally high sensitivity that allows the study 

of trace elements and the ability to distinguish isotopes that can be used as markers for 

reactions and transport processes. However, when studying nuclear materials, it is often 

necessary to analyse highly radioactive samples, and only rather few SIMS facilities are 

available in active environments. In this paper, we present a methodology using focussed ion 

beam milling to prepare samples from radioactive specimens that are sufficiently large to 

undertake SIMS mapping experiments over microstructurally-significant regions, but with 

overall activities small enough to be readily transported and analysed by a SIMS instrument 

in a normal laboratory environment. Radioactive samples prepared using this methodology 

can also be used for correlative SIMS analysis with other analytical microscopies. SIMS results 

showing the distributions of deuterium in oxides on in-reactor corroded zirconium alloys are 

presented to demonstrate the potential of this sample preparation technique. 

Keywords: High-resolution secondary ion mass spectrometry (SIMS); Focused ion beam (FIB); 

Sample preparation; Zirconium alloys; Hydrogen Pickup; Nuclear materials.  
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1. Introduction 

Secondary ion mass spectrometry (SIMS) analysis has been used for many years to 

evaluate and improve the performance of materials used in nuclear reactors (Portier et al. 

2007, Li et al. 2020). Compared to the most commonly used analytical tool, electron probe 

microanalysis (EPMA), SIMS offers the capability to detect even the lightest elements and to 

distinguish between isotopes. As reviewed in (Portier et al. 2007), SIMS can be used for a wide 

range of studies in nuclear materials, including precise isotope ratio measurements and the 

analysis of the migration of fission products in spent fuels (Gerlach et al. 2006, Desgranges et 

al. 2009), the long-term degradation behaviour of nuclear waste disposal materials (Valle et 

al. 2010), stress corrosion cracking in reactor steels (Lozano-Perez et al. 2008), aqueous 

corrosion and hydrogen pick-up in fuel cladding (McIntyre et al. 1991, Yardley et al. 2013, Li 

et al. 2019), and the characterisation of plasma-facing materials in fusion devices (Koivuranta 

et al. 2014). There are several previous reports of the value of depth profiling and 3D 

characterization of zirconium alloys for nuclear applications by SIMS. For example the study 

of hydrogen or deuterium diffusion through oxides on Zr alloys (McIntyre et al. 1990, Mcintyre 

et al. 1991, Elmoselhi 1995, Tupin et al. 2017), the incorporation of cations like Li Na and K 

into zirconium oxide (Jeong et al. 1999), and the study of second phase particles (SPPs) 

(Hatano et al. 1996, Baur et al. 2000, Bossis et al. 2000). Recently, we have shown that high-

resolution SIMS analysis of oxidised zirconium alloys using a CAMECA NanoSIMS 50 

instrument enables the 3D characterisation of deuterium distributions (Li et al. 2019, Liu et 

al. 2020). 

However, to allow the analysis of highly active nuclear components, complex 

modifications are required to SIMS instruments to protect both the electronic components 

and the operators from radiation exposure and contamination. To our knowledge, only a 

limited number of fully shielded SIMS instruments are available for the analysis of ex-reactor 

nuclear materials, e.g. an A-DIDA-SIMS at Paul Scherrer Institute (PSI) (Bart et al. 1981) and 

Cameca IMS 6f at CEA Cadarache (Rasser et al. 2003) and in the Institute for Transuranium 

Elements (ITU) (Brémier et al. 2006).  

Zirconium alloys have been used as the fuel cladding in many types of nuclear reactors for 

many years, and hydrogen pickup (HPU) is one of the major degradation mechanisms limiting 

its in-service lifetime (Motta et al. 2019). In our recent work (Li et al. 2019, Liu et al. 2020) we 
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have used high resolution SIMS analysis to reveal the 3-dimensional (3D) distribution of 

deuterium in oxides formed on Zr alloys in autoclaves, and proposed that interconnected 

nano-pores in the oxide layers can serve as the preferential transportation pathways for 

hydrogen from the external cathode to the underlying metal. Because of the limited 

availability of SIMS instruments that can be used to study highly active samples, only few 

attempts have been made to carry out similar characterisation of the distribution of 

hydrogenic species in oxides formed under in-pile conditions (McIntyre et al. 1991, 

Ramasubramanian et al. 2000, Tupin et al. 2017), and more data is needed to develop more 

robust mechanisms for in-reactor HPU.  

Focused ion beam (FIB) milling has been widely applied to the preparation of transmission 

electron microscopy (TEM) and atom probe tomography (APT) samples (Giannuzzi 2004, 

Lozano-Perez 2008, Li et al. 2018, Chen et al. 2020). In this paper, we present a methodology 

using FIB milling to prepare samples from nuclear fuel cladding zirconium alloys that are 

designed specifically for correlative SEM/EDX and SIMS analysis. By applying this 

methodology to a small piece of bulk fuel cladding material (3 mm × 3 mm × 1 mm) with a 

rather modest measured activity of ~1.8 x 104 Bq, we estimate the activity of the final 

specimen is reduced to an unmeasurable value < 6.5 x 10-3 Bq in the FIB lift-out sample, and 

this can then be analysed in a non-nuclear instrument. This methodology has been used to 

prepare radioactive samples for SIMS analysis in our recent work (Liu et al. 2020), in which 

we have measured the deuterium diffusion coefficients in zirconium oxides formed in-reactor, 

and provided direct evidence showing that irradiation can increase the rate of key 

mechanisms controlling transport of deuterium through the oxide layers on Zr alloys. More 

results comparing hydrogen and deuterium analysis in Zr alloys from bulk and FIB lift-out 

samples can be found in (Li et al. 2019, Liu et al. 2020). 

 

2. Materials 

The Zr-2.5Nb (wt%) alloy used in this study was provided by our collaborators in Canadian 

Nuclear Laboratories (CNL). Typical microstructures of this alloy and its corrosion and HPU 

performance have been described in previous papers (Hovington et al. 2009, Nordin et al. 

2012). Samples were tested in the Halden reactor and exposed to neutron irradiation in a 
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water chemistry of D2O, 250°C and 10 MPa, LiOD, pH=10.5. These corroded Zr-2.5Nb samples 

were provided in small coupons (3 mm × 3 mm × 1 mm) for FIB specimen preparation. More 

information on the in-reactor corroded sample is summarised in Table 1. Using the 

methodologies introduced below, the FIB lift-out SIMS specimen has a volume of ~25 × 25 × 

5 µm3, and based on the measurement of the original bulk sample our estimate of the activity 

of the SIMS specimen is < 6.5 × 10-3 Bq, too low to be measured.  As a comparison, the activity 

of a banana is about 4 Bq because of the 40K it contains (Zagatto et al. 2008). This estimate 

shows that materials of much higher activity could be prepared by the same lift-out process 

for SIMS analysis without reaching a level of activity that would cause practical problems in a 

normal laboratory environment. 

The natural isotopic abundance of deuterium (2H) is only 1.15 × 10-4, so we can be 

confident that nearly all the signal at 2 Daltons originates from deuterium originating from 

the corrosion process trapped in the sample microstructure. Other hydrogenic species (1H 

and H2) can be contaminants from both the sample surface and the high vacuum chamber 

(although the background pressure is ∼1.3 × 10−11 kPa). However taking advantage of the 

excellent mass resolving power of the Cameca NanoSIMS instrument, clear separation of the 

2H− and 1H2
− signals around 2 Daltons can be achieved using a mass resolving power of about 

1300 (Li et al. 2019), and so unwanted contributions to a 2H- signal from H2
- can be ignored 

under our typical analysis conditions. 

Table 1 Information of the in-reactor corroded Zr-2.5Nb sample used in this study. 

Sample 
Corrosion 

time (days) 

Oxide 
thickness 

(µm) 

Deuterium 
content* 

(ppm) 

Sample 
dimensions 

(mm3)  

 Sample activity 
(Bq) 

 
Zr-2.5Nb 

(wt%) 
190 1.2 9.2 3 × 3 × 1 1.8 x 104  

*The values of deuterium content are measured using hot vacuum extraction mass 
spectrometry (HVEMS) (Bickel et al. 2002). 

 

3. Sample preparation  

To map the distribution of deuterium in the oxide layer on Zr alloys using SIMS, two 

analysis geometries, in-depth and cross-sectional analysis, have been explored in our previous 

study (Li et al. 2019). In the in-depth analysis, Figure 1 (a), the primary ion beam is rastered 
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over a selected region of the surface oxide, and the in-depth elemental distribution can be 

obtained simply by recording sequential SIMS maps as the surface is gradually eroded away 

by the incident ion beam probe. In the cross-sectional analysis, Figure 1 (b), samples are 

mounted with the oxide/metal interface exposing to the incident ion beam, and SIMS 

mapping is carried from the cross-sectional surface covering both the oxide layer and metal 

matrix. For cross-sectional analysis, the samples need to be ground using silicon carbide paper 

down to 4000 grit, and subsequently polished over several hours using water-diluted colloidal 

silica (Yardley et al. 2013, Li et al. 2019) to generate a flat surface. The mechanical polishing 

procedures may result in artefacts and redistribution of deuterium, and during cross-sectional 

SIMS analysis we have observed that the top edge of the oxide is sputtered away much faster 

than the bulk oxide (Li et al. 2019) due to the well-known edge effect in sputter analysis 

(Magee et al. 1982) leading to the generation of obvious surface topography. Moreover, on a 

cross-sectional sample, the oxide layer is very thin (~ 1 µm in this study), giving small effective 

analysis area, and because of its insulating nature it charges much more than the 

neighbouring Zr metal matrix. This can cause dramatic changes in signal intensity when the 

primary ion beam sputters regions of different conductivity and work function during cross-

sectional SIMS mapping. These issues can be avoided by using the in-depth analysis which can 

provide large effective analysis area with negligible disturbance from sample preparation, and 

have uniform charging at the bottom of the SIMS analysis crater which lies for most of the 

analysis wholly in either the oxide or the metal matrix.  In summary, to characterise the 

deuterium distribution in active samples of oxidised zirconium using a non-nuclear instrument, 

a sample preparation methodology will be needed to; 1) lift out small volume samples with 

reduced activities and 2) allow in-depth SIMS analysis. 

 
Figure 1 Schematic of SIMS analysis geometries on bulk samples (a) in-depth analysis and (b) 

cross-sectional analysis. 
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 Here we described a methodology for preparing site-specific, small-volume specimens by 

FIB for SIMS analysis. This methodology was first tested on non-radioactive samples on a Zeiss 

Crossbeam 540 FIB/SEM system, and step-by-step instructions for preparation of a specimen 

suitable for SIMS analysis developed during these trial sessions (as shown in Figure 2). A cross-

sectional polished sample was used during the test sessions and the dark grey oxide layer can 

be seen in Figure 2 (a). Once this protocol was established, samples were prepared following 

similar protocols from the in-reactor specimens using the Thermal Fisher Helios NanoLab 600i 

FIB/SEM system installed in facilities for the handling of radioactive materials in the Materials 

Research Facility (http://www.ccfe.ac.uk/mrf.aspx) at the Culham Centre for Fusion Energy 

(CCFE). The key stages in this protocol are: 

(1) Loading sample: Since we decided that in-depth analysis is the best way to study of 

the deuterium distribution in zirconium oxides, samples that have as small a volume as 

possible need to be prepared with the surface oxide retained on the top surface. To meet this 

requirement, the bulk sample is first loaded into the FIB/SEM chamber with the cross-section 

of the metal/oxide interface exposed to the electron beam. In Figure 2 (a) the zirconium 

matrix, oxide and the sample holder are labelled. The in-reactor corroded samples are not 

mechanically polished to reduce the need for processing of radioactive samples, and so the 

oxide layer is not easily visible, and in that case an estimation of the oxide thickness should 

be known before preparation to ensure the correct positioning of milling patterns in the 

following procedures. 

(2) Trench milling: The stage is tilted to 54° (52° for a Thermal Fisher Helios FIB/SEM) with 

the ion beam incidence direction normal to the cross-sectional sample surface. After selecting 

the region of interest (ROI) for a lift-out specimen, a trench is then milled adjacent to the 

selected region using the regular cross-section milling pattern, for which the ion beam mills a 

staircase-shaped pattern towards the defined pattern margin that is closer to the oxide layer . 

The starting pattern for trench 1 is milled at 30 kV and 65 nA, and is placed 15 µm away from 

the oxide/metal interface to leave enough space for the beam tails. The ion beam size and its 

heat-affected zone as a function of beam current have been reported in (Ishitani et al. 1995, 

Bassim et al. 2014), which can be used to evaluate and adjust the spacing between the milling 

pattern and the liftout region. The width of the pattern for milling trench 1 is set as 30 µm, 

which might result in the final trench larger than 35 µm in the end due to the beam tail effect, 

http://www.ccfe.ac.uk/mrf.aspx
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especially when working with large ion beam currents, and the depth of cut is set as 30 µm 

which will determine the effective analysis area for the SIMS mapping. To ensure that SIMS 

analysis right down into the metal matrix will be possible, a layer of metal matrix of ~3 µm is 

left between the final milling pattern (at 30 kV and 7 nA) for trench 1 and the oxide/metal 

interface. This sublayer of metal matrix will also help to reduce any artefacts induced during 

FIB milling like elemental redistribution in the region of interest (the top oxide layer in this 

study) caused by beam heating. However, to ensure the bottom of the lamella can be 

completely released in procedure (3), we suggest the total thickness of the lamella (oxide 

layer + sublayer of metal matrix in this study) should be less than 8 µm. The SEM image in 

Figure 2 (b) taken at 0° stage tilt shows an example of the completed milling of trench 1. This 

step of trench milling takes about 40-50 min. Note that when we mount the bulk sample, a 

gap is left between the sample surface and the sample holder, Figure 2 (a), and by mounting 

the sample in this strategy, only one trench will be required. If the region of interest is not at 

the sample surface, then a second trench must be milled from the other side of the ROI 

following the similar strategy to that described above.    

 (3) Under-cut: To perform the under-cut process, the stage is tilted back to horizontal. 

Three milling patterns are positioned at the edges of the ROI to mill the channels. Typically 

the width of the patterns for milling the channels is 3 µm, which might result in channels 

larger than 4 µm in the end due to beam tails adjacent to the pattern site. A “bridge” linking 

part was left at one of the top corners, which supports the lamella until it is cut free from the 

bulk sample in the procedure (4). The current used for under-cut is 7 nA at 30 kV. For a lamella 

with 5 µm thickness (oxide layer thickness + the sublayer of metal matrix), the milling depth 

needs to be larger than 6.2 µm (5 µm/cos36°). To remove any redeposition, we suggest this 

under-cut procedure needs to be repeated 3-5 times. Note that it is very important to ensure 

the channels are cut thoroughly in order to lift out the lamella successfully in procedure (4). 

As the volume of sputtered material is rather large, it is important to check from different 

angles (by tilting the stage) whether there is material redeposition between the lamella and 

the bulk sample, especially at the corner regions at the bottom of the trench 1. The thicker 

the lamella is, the more likely the sputtered materials will redeposit and reconnect the lamella 

to the bulk sample, and the more effort will be needed for under-cut milling. For a 5 µm thick 
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specimen, this under-cut procedure takes about 30 mins. The SEM and FIB images in Figure 2 

(c) show an example of the lamellar surrounded by finished channels.   

(4) Lift out: The fourth step is to lift out the lamella from the bulk sample. The stage is 

tilted to horizontal (0° tilt) and the micro-manipulator needle is then inserted and carefully 

operated to touch the lamella at the corner opposite to the “bridge” linking part. We suggest 

that the Gas Injection system (GIS) for Pt deposition should be inserted before the 

manipulator needle is too close to the lamella (> 20 µm) to avoid any damage to the lamella 

caused by the possible vibration induced during inserting the GIS. A Pt layer (5 µm × 5 µm × 2 

µm) is deposited using an ion beam with 0.7 nA current and the “rectangle” pattern function 

to weld the lamella to the micro-manipulator needle. As the lamella for the SIMS 

characterisation is of relatively large volume, this Pt layer is therefore thicker and larger than 

that used for conventional TEM samples to provide sufficient connecting strength. Once the 

lamella is welded to the manipulator needle, the remaining ‘bridge’ linking part is milled away 

at a beam current of 3 nA at 30 kV. The lamella is then entirely detached from the bulk sample 

and can be readily lifted out by moving the micro-manipulator. The FIB images in Figures 2 (d 

and e) show an example of the lift-out process. This step takes about 30 min. 

(5) Mounting the lamella to the FIB lift-out grid:  After being lifted out from the bulk 

sample, the lamella needs to be mounted to a grid so that it can be transferred for SIMS 

analysis. A standard FIB lift-out TEM half-grid (Omniprobe lift-out grid) is used in this step. 

When mounting the grids, care should be taken that the fingers of the grids face up to the 

incident electron beam so that the lamella can be welded on the top surface of the grid. Once 

the grid is at the working distance, the micro-manipulator is then inserted. SEM- and FIB-view 

imaging from two directions are used to monitor the movement of the manipulator and 

ensure the lamella reaches the top surface of the grid. As before, the GIS for Pt deposition 

need to be inserted before the manipulator needle is too close to the middle bar. Once the 

lamella touches the top surface of the grid, a layer of Pt (30 µm × 5 µm × 2 µm is deposited at 

1.5 nA and 30 kV using the “rectangle” pattern function to weld one edge of the lamella to 

the grid. After the lamella has been welded to the grid, the micro-manipulator needle can be 

fully detached using a milling current of 3 nA at 30 kV. Note that to increase the welding 

strength, the Pt deposition process is repeated on every side of the lamella after retracting 
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the micromanipulator. An example of a welded lamella is shown in Figure 2 (g and i). This step 

takes about 60 mins.   

 
Figure 2 SEM and FIB images showing the processes during FIB lift-out specimen preparation 

for SIMS analysis. (a) Sample loading, (b) Trench milling, (c) Under cut, (d-e) Lift out, (f-g) 
Mounting the lamella to the FIB lift-out grid, (h) A FIB lift-out grid mounted in a TEM grid 

holder for SIMS analysis and (i) An SEM image showing a finished lift-out sample after SIMS 
analysis. The key settings are indicated below each step. 

 

(6) Transferring the FIB lift-out specimen: After the GIS retraction and chamber venting, 

the FIB lift-out grid is mounted to a specially designed TEM grid holder, which can then be 
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used for in-depth SIMS analysis. Figure 3 shows a schematic diagram of the TEM grid holder, 

on which the grid as well as the specimen top surface will face upwards. This TEM grid holder 

enables the mounting of up to three FIB lift-out grids, and can fit into a 10 mm aperture in a 

conventional Cameca NanoSIMS ‘Biology’ holder. Before insertion into the NanoSIMS, we 

suggest coating the FIB-lift-out grids with 5 nm of platinum to avoid charging from the 

insulating oxide layer. An example of the crater created in the surface oxide layer by in-depth 

SIMS analysis is shown in Figure 2 (i). 

 
Figure 3 A TEM grid holder for SIMS analysis. This TEM grid holder can fit into a 10 mm 

aperture in a NanoSIMS ‘Biology’ holder. 

 
4. SIMS and SEM/EDX analysis 

High-resolution SIMS analyses were performed using a CAMECA NanoSIMS 50 with a 

16 keV Cs+ primary ion beam. The primary aperture was inserted (D1 = 2, 300 μm) resulting 

in a primary ion beam with beam current of 2.5 pA and approximate diameter 150 - 200 nm. 

Ion maps 10 µm × 10 µm were collected simultaneously for 1H- and 2H− ion signals together 

with the secondary electron (SE) signal produced during the sputtering process, with a pixel 

time of 0.5 ms (7.74×103 Cs+ ions/pixels) at a resolution of 256 × 256 pixels with an image 

dose of 5.07×1014 Cs+ ions/cm2. These scans were repeated up to 10000 times (~19 hrs) from 

the same region with total Cs+ ion dose of 5.07×1018 Cs+ ions/cm2, giving a set of stacked 2-

dimensional (2D) images of the distributions of each signal, and sputtering to a total depth up 

to 3 µm below the sample surface. The sputtering rate in the oxide is about 0.22 (nm × 

μm2)/pA/s, which is very close to previous values of  0.19 to 0.20 (nm × μm2)/pA/s reported 

for zirconium oxide (Li et al. 2019). During SIMS analysis, data is collected from the sputtered 
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bottom of the crater, and if any serious surface topography is developed this will cause a 

problem with the creation of accurate depth profiles and 3D data reconstruction. However, 

our previous results show that the average roughness of the crater bottom in similar fine 

grained zirconium oxide samples is only 64 ± 25 nm for the same raster size 10 × 10 μm (Li et 

al. 2019). This value is small enough compared to a typical sputtered depth of ~3 µm that we 

can be sure that the depth profiles and 3D reconstructions do not include severe geometric 

artefacts from crater roughness. ImageJ with the OpenMIMS plugin (Poczatek et al. 2012) was 

then used for data analysis and plotting depth profiles.  

The samples welded using the suggested methodology are strong enough to transport for 

correlative analysis using different microscopies. To demonstrate the correlative analysis, 

scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis was carried 

out at the bottom of SIMS craters in a Zeiss Crossbeam 540 instrument using a 5 kV 

accelerating voltage to reduce beam spreading and degradation of spatial resolution. The EDX 

information depth in ZrO2 at 5 kV accelerating voltage was estimated using a CASINO 

V2.48 Monte-Carlo Simulation program to be ~ 80 nm (Hovington et al. 1997), and the 

effective information depth for the in-depth SIMS analysis can be estimated to be the 

thickness of the layer sputtered to produce each image, ~0.18 nm. 

 

5. Results and discussion 

5.1. Deuterium distribution in in-reactor corroded Zr-2.5Nb alloy 

The in-depth SIMS analysis can generate a series of 2D maps which can then be processed 

and enable viewing the distributions of elements from different directions. Figure 4 shows a 

set of cross-sectional SIMS images extracted from a typical in-depth analysis dataset. The 

different charging processes on the surface oxide layer and metal matrix lead to a dramatic 

difference in secondary electron signal when the primary ion beam is incident on these 

different materials. As a result, the location of the oxide/metal interface can be easily 

recongnised from contrast variations in the SE image, Figure 4 (a). The 1H- and 2H- signals are 

both high in the top 300 nm of the oxide layer, Figure 4 (b and c) ,where a high density of 

interconnected nano-porosity and fine cracks are observed in similar samples (Ni et al. 2010) 

that can act as possible trapping sites (Couet et al. 2019, Hu et al. 2019), and then drop to a 
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much lower level deeper into the oxide. The 1H- signal can also be seen to have a peak closer 

to the oxide surface than the 2H- signal, as also shown in the depth profiles in Figure 6. This 

makes sense in a sample corroded exclusively in heavy water if the hydrogen (1H) signal comes 

from environmental contamination, and is thus expected mostly at the sample surface. The 

2H- signal penetrates much more deeply into the oxide layer, Figures 4 (c) and 5, with a 

decrease in intensity ~0.5 µm from the oxide/metal interface which corresponds the location 

of the compact inner oxide layer (Couet et al. 2019, Hu et al. 2019). The high intensity of the 

1H- signal from regions of the metal matrix, Figures 4 (b) and 5, we suppose to be an artefact 

of sample preparation. The ion beam can stimulate hydrogen contaminants in the chamber 

to adsorb onto the reactive Zr surface, and hydrogen at 50 °C can diffuse ~10 μm in 1 h in 

zirconium (Carpenter et al. 1995). Once absorbed on the reactive surface, the local 

temperature increase caused by beam heating (Ishitani et al. 1995) can then encourage 

hydrogen diffusion into the bulk sample, and perhaps the formation of hydrides (Hanlon et al. 

2019). These beam heating-induced artefacts thus need to be taken into consideration when 

applying this specimen preparation methodology for SIMS analysis, and could be reduced to 

some extent by leaving a thicker sublayer between the FIB milling trench and the FIB lift-out 

region (but at the cost of increasing the FIB milling time). 

 
Figure 4 Cross-sectional view of (a) SE, (b) 1H- and (c) 2H- images extracted from an in-depth 
SIMS dataset from an in-reactor corroded Zr-2.5Nb sample. In the SE map the oxide shows 
bright contrast and the metal matrix dark. The white dashed lines indicate the positions of 

the oxide/metal interface. 
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The in-depth SIMS data can be used to generate 1-dimesional (1D) depth profiles of the 

kind more commonly reported for HPU studies (McIntyre et al. 1991, Abolhassani et al. 2015, 

Tupin et al. 2017). Typical depth profiles for 1H- and 2H- signals through the oxide into the 

metal matrix are shown in Figure 5. Depth profiles showing similar distributions of hydrogen 

and deuterium in an in-reactor corroded Zr alloy have been reported by McIntyre et. al. 

(McIntyre et al. 1991) which gives us confidence that our sample preparation processes are 

not seriously modifying the deuterium distribution. We thus propose that this methodology 

can be used for the study of a wider range of ex-reactor samples in non-active SIMS facilities. 

We have also calculated the diffusion coefficient of deuterium in our sample by fitting the 2H- 

depth profile shown in Figure 5 with the appropriated solution to Fick’s 2nd law as described 

previously (Tupin et al. 2015, Li et al. 2019). The diffusion coefficient in the oxide in this 

sample corroded at 250°C  is 5.9 ± 1.5 × 10−22 m2/s. A similar material corroded under the 

same water chemistry but at  325°C shows, as expected, a significant higher value of 5.2 ± 

3.0 × 10−21 m2/s (Liu et al. 2020). The measurement of deuterium diffusion coefficients in 

oxides on a wider range of Zr alloys, water chemistry and temperatures can be found in (Liu 

et al. 2020).   

 
Figure 5 SIMS depth profiles of 1H- and 2H- signals extracted from an in-depth SIMS dataset 

from an in-reactor corroded Zr-2.5Nb sample. 

 
 

5.2. Correlative SEM/EDX and SIMS analysis  

Correlating SIMS imaging with other microscopies (SEM, EDX and TEM) has been used to 

generate key microstructural and microchemical information at different length scales to help 
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understand the mechanisms controlling the degradation of physical and mechanical 

properties (Eswara et al. 2019). . The sample preparation methodology introduced in this 

paper enables the safe and easy transportation of radioactive samples, and also provides the 

potential for correlating SIMS with other analytical microscopies. Figure 6 shows an example 

of correlative SIMS mapping, high-resolution SEM imaging and EDX elemental analysis on a 

FIB lift-out SIMS specimen from a similar in-reactor Zr-2.5Nb sample corroded at 325oC. We 

detected significantly reduced 2H- counts from the regions of the SE images that showed 

brighter contrast, Figure 6 (a and b). In order to be sure of the nature of these bright regions 

in the SIMS SE image, we carried out EDX analysis of the same area to show that the bright, 

D-poor regions are rich in Nb, Figure 6 (d and e). The SEM image in Figure 6 (c) provided 

structural information, showing the SIMS crater surface is quite flat, as described above. 

These results show that the Nb-enriched secondary phases in the Zr-2.5Nb alloy are not 

preferential trapping sites for deuterium, which is important for understanding its diffusion 

processes through the oxide layers. More details on the diffusion of hydrogenic species 

through zirconium oxides can be found in (Couet et al. 2019, Hu et al. 2019). 

 
Figure 6 Correlative SIMS mapping. (a) SE and (b) 2H- maps in the oxide on a Zr-2.5Nb sample 
corroded at 350°C under in-reactor conditions, with (c) SEM and (d, e) EDX characterisation. 

Images (a and b) are integrated SE and 2H- signals from the last 30 SIMS slices (~5 nm) 
before the EDX analysis. The dashed lines indicate the same region in all the images. Images 

(a), (b) and (d) are reprinted from Fig. 11 of (Liu et al. 2020), Copyright (2020), with 
permission from Elsevier. 
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6. Conclusions 

• A methodology using FIB to prepare site-specific, small volume radioactive specimens for 

SIMS analysis is presented in this paper. These specimens with much reduced activities 

can then be analysed by a SIMS instrument without complex nuclear modifications or 

being sited in an active environments. Radioactive samples prepared using this 

methodology can also be used for correlating SIMS mapping with other analytical 

microscopies like SEM and EDX. This methodology can also be applied to prepare other 

hazardous materials for SIMS analysis.  

• The distribution of deuterium in the in-reactor corroded Zr alloys has been mapped using 

in-depth analysis in the NanoSIMS. The deuterium diffusion coefficient calculated using 

the 2H- depth profile acquired from the oxide on an in-reactor Zr-2.5Nb sample 

corroded at 250 °C is 5.9 ± 1.5 × 10−22 m2/s. 
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