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A B S T R A C T   

Ion irradiation was used as a surrogate approach to mimic radiation induced modification in iron phosphate 
glass network. To understand the synergetic effect of electronic and nuclear energy losses in glass network 
modification, ions at different energies were employed. The iron phosphate glasses were irradiated with Au ions 
at different ion energies between 750 keV and 20 MeV. The ion beam irradiated samples were characterised by 
employing different techniques.The Fe L2,3- edge X-ray absorption spectra of irradiated samples reveal reduction 
of Fe3+ to Fe2+, induced by ion beam irradiation. X-ray diffraction and electron microscopy imaging confirm 
formation of crystalline Fe3(P2O7)2, Fe4(P2O7)3, Fe(PO)4, and Fe(PO3)3 phases. The origin of these crystalline 
phases may be attributed to induced stress in irradiated samples. The observed decrease in hardness of irradiated 
samples was attributed to formation of non-bridging oxygen.   

1. Introduction 

High-level nuclear wastes (HLW) require vitrification in suitable matrix 
prior to permanent disposal [1]. Iron phosphate glasses (IPG) are considered 
as one potential matrix for vitrification of HLW and plutonium residues [2] 
[3]. The radiation stability of the immobilising matrix is a key concern in 
the long-term safety case for disposal of vitrified products. The incorporated 
actinides undergo alpha decay, and thereby produce energetic recoil nuclei 
and alpha-particles along with low intensity gamma rays [4]. Energetic 
recoil nuclei deposit their energy in the matrix through elastic ballistic 
collisions. The alpha-particles of energy nearly 5 MeV deposit their energy 
in the glass matrix by local excitation and ionization processes [5]. Localised 
electronic excitation above a threshold value provides a way to the per-
manent displacement of atoms, and leads to damage creation in glass net-
work [6]. Radiation damage due to both nuclear and electronic stopping 
processes may be expected to affect the glass durability and its mechanical 
stability. Therefore, it is important to study radiation induced modification 
in the vitrifying matrix. Ion beam irradiation provides a convenient method 
to simulate and accelerate radiation damage in glasses and other materials 
[7–9]. During passage of ions through a solid, they deposit their energy 
through two interactions: (i) at low incident ion energy up to 100 keV, ions 
transfer their energy via elastic nuclear collisions/stopping (Sn), which is 
responsible for ballistic damage creation in solids, and (ii) at high energies, 
induce damage by inelastic electronic collisions/stopping [10]. 

Depolymerisation of the glass network in borosilicate glass samples exposed 
to Kr ions of energy 74 MeV and Xe ions of energy 92 MeV was previously 
observed [11]. Toulemonde et al. have reported structural modification in 
vitreous SiO2 by Au (∼0.3–15 MeV) ion irradiation and the observed 
modification is explained with help of unified thermal spike model in elastic 
nuclear and inelastic electronic stopping regime [12]. 

In the present study ion irradiation method is employed as surrogate 
approach to study effects of radiation damage on waste immobilising 
matrix. Efforts have also been made to understand the effects of damage 
on structural integrity of matrix. Ion energies are chosen in different 
regime to study the synergetic effect of electronic and nuclear stopping 
on glass network modification. 

2. Experimental details 

Iron phosphate glass of composition Fe0.8P1.2O4.2 (i.e. 60 P2O5–40 
Fe2O3) was synthesised using NH4H2PO4 and Fe2O3. All the reagents were 
purchased from Sigma Aldrich, UK, and were of purity 99.9%. The reagent 
powders were taken in stoichiometric ratio and melted at 1150 °C for 4 h in 
recrystallized alumina crucibles in a muffle furnace. The molten glass was 
cast into a steel mold and annealed at 500 °C for 1 h. Our processing 
parameters were guided by previous studies which successfully fabricated 
iron phosphate glasses under such conditions, with negligible volatilisation 
of P2O5 [13]. 57Fe Mossbauer spectroscopy analysis of the as produced glass, 
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established the ratio Fe2+/ΣFe3+ = 0.15, typical of glasses produced under 
such conditions with similar composition [2]. The glass samples were cut 
into discs and subsequently polished. The polished samples (~1 μm finish) 
were irradiated at Ion Beam facility located at HZDR Germany. The glass 
samples were irradiated with Au ions at different energy: 750 keV, 5 MeV, 
10 MeV and 20 MeV. In order to study the role of electronic and nuclear 
losses in glass network modification, the ion energy range is chosen to cover 
the transition from the mainly nuclear stopping to nearly pure electronic 
stopping regime. The chosen fluence was 2 × 1014 ion/cm2 to get re-
presentative damage of nearly 1 dpa. The fluence was kept constant for all 
energies. The sample classification and all the irradiation parameters are 
summarised in Table 1. 

The ion energies for irradiation experiments were chosen to cover 
different loss regimes; (i) 750 keV Au ions having mainly nuclear loss 
(ii) 5–20 MeV Au ions having both nuclear and electronic losses. The 
electronic/nuclear losses of Au ions in the iron phosphate glass matrix 
at different ion energy and the displacement damage as function of ion 
penetration depth, obtained from SRIM/TRIM software are given in  
Figs. 1 and 2, respectively [14]. It can be seen from Fig. 1 that total 
deposited energy is nearly same at different Au ion energy. Fig. 2 shows 
the distribution of displacement damage as function of depth. De-
pending upon the ion energy, peak damage is located at different depth. 
The variation of total losses (deposited energy) with ion energy, ob-
tained from SRIM calculation, is shown in Fig. 3. 

The pristine and irradiated glass samples were characterised by using 
different techniques for structural and microstructural modifications in glass 
network. The Fe L2,3 X-ray absorption spectra for pristine and irradiated IPG 
samples were acquired in total electron yield mode on the Soft X-ray ab-
sorption spectroscopy (SXAS) Beamline 1 at the Indus 2 synchrotron, 
RRCAT, Indore. Data were acquired over the range 700–740 eV, covering 
the Fe L2,3 edge. X-ray diffraction patterns were acquired before and after 
ion irradiation in θ–2θ geometry on a Bruker D2 phaser instrument with Ni 
filtered Cu Ka radiation, equipped with a Lynxeye position sensitive detector 
(with discriminator settings optimised to reject Fe Kα fluorescence). A 

Hitachi TM3030 SEM was utilised for imaging of the surface of the samples, 
prior to and following ion beam irradiation, with an accelerating voltage of 
15 kV and working distance of ~8 mm. Raman spectra in the range of 
800–1500 cm−1 were collected on an inVia Raman microscope using laser 
light of wavelength 514.5 nm on pristine and irradiated glass samples. The 
acquired Raman spectra were deconvoluted to estimate irradiation induced 
modifications to the structure of the glasses. For nanoindentation mea-
surements, sample was mounted on a stainless-steel stage. Measurements 
were carried out using Triboscope (Hysitron Inc.) nanoindenter with 
Berkovich indenter. Data were collected using automated 4 × 4 matrix and 
data analysis was carried out using the procedure proposed by Oliver and 
Pharr [15]. 

3. Results and discussion 

3.1. X-ray absorption spectroscopic measurements: 

To investigate the effect of radiation induced changes on iron spe-
ciation in glass matrix, Fe L2,3 edge X-ray absorption spectra of pristine 
and irradiated iron phosphate glass (IPG) samples were acquired in 
total electron yield mode. In total electron yield (TEY) mode, the probe 
depth is usually few nm (~5–10 nm). Therefore, the ion beam induced 

Table 1 
Details of Gold ion irradiation parameters: energy and fluence.     

Sample name Ion type and energy Fluence (ions/cm2)  

IPG1 Pristine Pristine 
IPG2 750KeV 2 × 1014 

IPG3 5 MeV s 2 × 1014 

IPG4 10 MeV 2 × 1014 

IPG5 20 MeV 2 × 1014 

Fig. 1. Nuclear and electronic losses of gold ions deposited in IPG at different 
energy. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 2. The displacement damage versus ion penetration depth, for Au ions 
deposited in IPG. 

Fig. 3. Variation of total energy losses, and nuclear and electronic components, 
with ion energy. 
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modifications, lying close to the sample surface will be probed. A Fe2O3 

sample as a reference was measured in parallel to IPG glass samples. 
The recorded spectra were calibrated to absorption maximum for the 
Fe2O3 reference. The calibrated spectra were processed in Athena 
software for pre and post edge correction. The processed data are 
shown below in Fig. 4. The Fe L3 and L2 edges, located at ~710 eV and 
723 eV, are assigned to electronic transitions from Fe (2p) to hybridized 
O(2p)-Fe(3d) orbitals [16]. The local electronic structure of the 

absorbing atom, such as its oxidation state and co-ordination environ-
ment, strongly affect the shape and position the L3 and L2 edges. For the 
Fe2O3 reference compound, with Fe in distorted octahedral co-ordina-
tion, crystal field splitting results in clearly observable features attrib-
uted to t2g (~708.8 eV) and eg (~710.3 eV) states (Fig. 4) [17]. The 
profile of envelope of the Fe L3 and L2 edge, for the IPG samples, is 
evidently a convolution of contributions arising from Fe3+ and Fe2+ 

species, which is expected for iron phosphate glasses [18]. The max-
imum shift in iron L3 and L2 edges, following ion beam irradiation, was 
observed for the IPG sample irradiated with Au ions of energy 20 MeV, 
for which the L3 and L2 edge shift was ~0.3 and 0.6 eV, respectively. 
The onset of the Fe L3 edge is clearly displaced to lower energy with 
increasing energy of Au ion irradiation and comprises two components 
which can be interpreted as arising from Fe2+ (centred at ~709 eV) and 
Fe3+ species (centred at ~710 eV), by comparison with reference data 
[19]. The ratio of the Fe2+ to Fe3+ component evidently increases with 
increasing energy of Au ion irradiation, demonstrating progressive re-
duction of Fe3+ to Fe2+. Note that it is not possible to accurately 
quantify the Fe2+/Fe3+ ratio due to the additional contribution of 
crystal field splitting from each species, although the trend is clear. 

In our previous report, the observed splitting of the Fe L3 edge for 
iron phosphate glasses irradiated with Au ions of energy 750 keV at 
fluence of 2 × 1015 ion/cm2, was attributed to the irradiation induced 
reduction of Fe3+ to Fe2+ [20]. Toulemonde et al. performed extensive 
study on structural modification of vitreous SiO2 by Au ion irradiation. 
In the study, the energies of Au ions were chosen in regime 
(∼0.3–15 MeV), where both nuclear and electronic energy losses are 
significant [12]. The synergistic model (unified thermal spike mode) 
unifying the role of the elastic collision with the inelastic energy dis-
sipation is suggested to understand evolution of the damage track radii 
in different (nuclear to the electronic) energy regime in vitreous SiO2. 

In the present study, ion energy is selected in such a way that the total 
deposited energy is nearly same at each ion energy. It is evident from Fig. 3 
that the total deposited energy is has both nuclear and electronic loss 
components. Furthermore, it can also be seen from Fig. 3 that nuclear loss is 
~1 keV/nm (~20% of total loss) even at 20 MeV Au ion energy. Hence, the 
role of nuclear energy losses cannot be ignored while considering glass 
network modification due to irradiation. Therefore, the change in iron 
speciation in irradiated IPG samples can be attributed to synergetic effect of 
nuclear and electronic losses. The unified thermal spike model as suggested 
by Toulemonde et al. can be invoked to explain the change in iron spe-
ciation in irradiated IPG samples. 

3.2. Raman spectroscopic measurements 

The obtained Raman spectra for pristine and irradiated IPG samples are 
shown in Fig. 8. Deconvolution of the Raman spectra afforded the following 
assignment with reference to literature data [21]: ν1 ≈ 950–970 cm−1, 
(PO4) asymmetric stretch of Q0 species; ν2 ≈ 1060 cm−1, (PO3) symmetric 
stretch of Q1 species; ν3 ≈ 1125–1131 cm−1, (PO2) symmetric stretch of Q2 

species; ν4 ≈ 1213–1220 cm−1, (PO2) asymmetric stretch of Q2 species. The 
area and frequency of each of the deconvoluted bands are reported in  
Table 2. 

To understand the effect of ion beam irradiation on the network struc-
ture of the IPG glass, the ratio of band areas ν1/Σν1-4 was determined. This 
ratio increases systematically with increasing Au ion energy, implying an 
increase in the proportion of Q0 species and hence depolymerisation of the 
glass, and an increase in the non-bridging oxygen concentration. 

3.3. X-ray measurements and electron microscopic investigation 

The X-ray diffraction (XRD) patterns were collected before and after 
ion irradiation in θ-2θ geometry. The XRD patterns for pristine and 
irradiated sample are shown in Fig. 5. Crystallisation is clearly observed 
in the irradiated samples. The reflections labelled as 1–4 in Fig. 5, are 
attributed to Fe3(P2O7)2, Fe4(P2O7)3, Fe(PO)4, and Fe(PO3)3 phases, 

Fig. 4. Fe L2,3-edge spectra for pristine and irradiated IPG samples.  

Table 2 
Deconvolution parameters for Raman spectra of pristine and irradiated IPG 
samples.        

Sample name Band centre (cm−1) Ratio of areas: ν1/Σν1-4 

Area under peak 

ν1 ν2 ν3 ν4  

IPG6040_Pristine 952 1060 1125 1213 0.14 
25 98 27 24 

IPG6040_750keV 952 1060 1127 1218 0.15 
27 99 34 25 

IPG6040_5MeV 963 1060 1126 1217 0.16 
32 86 47 32 

IPG6040_10MeV 952 1060 1127 1224 0.17 
36 90 53 31 

IPG6040_20MeV 970 1062 1131 1220 0.18 
36 77 54 38 

Fig. 5. X-ray diffraction patterns for pristine and irradiated IPG samples.  
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respectively [22–24]. The most significant reflections identified in the 
XRD patterns correspond to Fe3(P2O7)2 crystals. This is understandable 
also as Fe3(P2O7)2 crystals have idealized structure of more disordered 
structure in an actual iron phosphate glass. Ion irradiation is non 
equilibrium process, having quenching rate of 1012–1015 K/s, therefore 
possibility of spontaneous crystallisation is eliminated [24]. The en-
ergetic ions rapidly deposit energy along their path and it leads to huge 
temperature gradient between the ion path and its surrounding. Con-
sequently, pressure wave gets induced in the wake of ion path and it 
develops a transient stress (greater than yield strength of the glass) as 
proposed by Jegadeesan et al. [24]. The developed transient stress leads 
to substantial deformation and hence shear band formation. The de-
formation may provide activation energy for nucleation of crystalline 
phases. Therefore, the observed crystallisation can be attributed to ir-
radiation induced transient stress inside glass matrix, similar observa-
tion as discussed by Jegadeesan et al. [24]. 

The SEM images of the sample surface prior to and after irradiation 
are shown in Figs. 6 and 7. Crystal formation was observed in 

microscopic images (Fig. 7) for samples irradiated at energies from 5 to 
20 MeV. The crystallite size observed after irradiation at 5 and 10 MeV 
is ~50 nm but ranges from 10 to 100 nm after irradiation at 20 MeV. 
The crystal formation may lead to dimensional changes and further-
more it can induce local stress causing some cracking inside the glass 
matrix [25]. Therefore, the formation of crystallites is detrimental for 
structural integrity of immobilisation matrix. In order to investigate 
irradiation induced effects on mechanical properties of glass matrix, 
hardness measurements have been carried out and results are discussed 
in next section. 

3.4. Hardness measurements 

Nanoindentation measurements were undertaken to determine the 
hardness values, the obtained hardness values are shown in Fig. 9. It 
can be seen from Fig. 9 that hardness is reduced for samples after ion 
beam irradiation. A 26% decrease in hardness values for IPG sample 
irradiated with 750 keVAu ions was observed. The increase in hardness 
with respect to plastic penetration depth for sample irradiated with 
750 keV Au ions is attributed to shallow penetration of Au ions at en-
ergy of 750 keV (nearly 300 nm). The decrease in hardness for samples 
irradiated in energy regime 5–20 MeV is nearly the same and < 25% of 
hardness value of pristine IPG sample. The decrease in hardness for 
samples irradiated at 5–20 MeV is reduced compared to the sample ir-
radiated at 750 keV, this can be attributed to partial damage recovery 
due to electronic losses in IPG samples irradiated at 5–20 MeV [26]. 
This indicates that electronic energy loss did not have notable factor in 
hardness decrease, as reported by other groups as well [27]. The ob-
served decrease in hardness can be explained by employing Sen's model 
[28]. The decrease in hardness values can be mainly attributed to in-
crease in the concentration of non-bridging oxygen (NBO), as demon-
strated by analysis of Raman spectra, which creates weak points in 
phosphate network [26]. Similar kind of decrease in hardness is re-
ported by others as well in case of ion irradiated glass samples [28–30]. 

Fig. 7. Scanning electron micrograph of the surfaces of the irradiated IPG samples.  

Fig. 6. Scanning electron micrograph of the surface of the pristine IPG sample.  
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4. Conclusions 

The irradiation experiments have been performed at the different 
Au ion energies. The iron 2,3-edge data shows insignificant iron re-
duction at Au ions energy of 750 keV. This can be attributed to small 
participation of electron losses and hence no iron reduction was ob-
served. However significant iron reduction is observed in intermediate 
energy regime 5–20 MeV. The synergetic effect of nuclear and elec-
tronic losses is probably responsible for iron reduction in this regime. 
The X-ray diffraction results and electron microscopic images show 
formation of crystallites in energy regime of 5–20 MeV. The 26% de-
crease in hardness values for IPG sample irradiated with 750 keVAu 
ions is seen. The decrease in hardness values are nearly same (< 25%) 

in energy regime of 5–20 MeV. It is anticipated that formation of 
crystallites and NBOs, as shown by Raman spectroscopy, are re-
sponsible for nearly similar decrease in hardness in this regime. 
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