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a b s t r a c t 

Materials exposed to external irradiation undergo damage and detoriation of mechanical properties that decays 

with the distance from the surface. Finite element simulations are used to predict the hardness and Young´s mod- 

ulus as function of depth. The model incorporates the homogenized mechanical properties and the volumetric 

swelling, determined from micromechanical simulations, as function of the locally induced damage. Predicted 

Young’s modulus data showed a good agreement with nanoindentation results and confirmed the established 

mapping of damage into depth dependent amorphous phase fraction in form of sigmoidal functions. The com- 

parison of predicted hardness profiles with experimental data suggests a relaxation mechanism that removes the 

residual stress in the damaged surface layer during the ion implantation process. Furthermore, the results support 

the hypothesis that mechanical properties determined from intrinsic damage can be used to model also external 

radiation damage. The presented model is applicable to other types of materials and irradiation sources. 
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. Introduction 

The knowledge of the structural and hence mechanical response of

aterials to external irradiation damage is of high technical and even

conomic importance to predict the usability and long-term stability un-

er such an extreme condition present in environments with higher radi-

tion levels, e.g., nuclear reactors, nuclear waste storage facilities, earth

rbit, space and the moon, and other planets like mars [1–4] . As radi-

tion damage (e.g., induced by elastic collisions between the incoming

article and lattice atoms in its trajectory) can lead to massive structural

isorder and finally to an amorphous state, it is crucial to be able to esti-

ate the durability and hence suitability of materials used for operation

n enhanced radiation fields (e.g., radiation shielding, technical appli-

ations or construction). For this purpose, we extended the modeling

pproach that has already been successfully used to predict the effect

f intrinsic radiation damage on the mechanical properties of ceramic

aterials [5–7] to also consider the effect of external radiation sources.

Intrinsic structural radiation damage is a volumetric effect that ho-

ogeneously changes the material properties on the macroscopic scale.

herefore, as shown by Huber and Beirau, the amorphization and result-

ng mechanical properties can be modeled on the microstructural length

cale via a representative volume element (RVE) and the homogenized
∗ Corresponding author at: Institute of Materials Mechanics, Helmholtz-Zentrum H

E-mail address: norbert.huber@hereon.de (N. Huber) . 

ttps://doi.org/10.1016/j.mtla.2022.101506 

eceived 15 March 2022; Accepted 4 July 2022 

vailable online 6 July 2022 

589-1529/© 2022 The Author(s). Published by Elsevier B.V. on behalf of Acta Mate

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
echanical properties can be assigned to the macroscopic sample, e.g.,

o predict the nanoindentation hardness for a given amorphous frac-

ion [ 5 , 6 ]. In this sense, natural zircon (ZrSiO 4 ) that underwent intrin-

ic radiation damage is an ideal candidate for model development and

alidation. The simulation results confirmed the role of the percolation

hresholds that emerge for bi-continuous microstructures at ∼16 and

4% [8] , which reflects in the predicted macroscopic mechanical prop-

rties [ 5 , 6 ]. Furthermore, the incorporation of an interface strengthen-

ng between the amorphous and the crystalline phase in the RVE allows

or reproducing the cusp in the hardness that forms around the percola-

ion threshold at an amorphous fraction of ∼16% [5] . 

The before mentioned technologically highly relevant case of struc-

ural damage, caused by external irradiation, leads to a gradual decrease

f the damage below the surface. The amount of damage and the pene-

ration depth of the damaged zone increases with the dose. Oliver et al.

easured the hardness and modulus for 500 keV 

208 Pb 3 + -ion implanted

amage in zircon for doses ranging from 10 12 to 10 15 Pb ions∕c m 

2 [9] .

he results showed a softening by 70% and a decrease in modulus by

2% through the crystalline-to-amorphous transition. Because of the

ensitivity of hardness and modulus on the indentation depth, substrate-

ndependent values require very shallow indentations. But the measured
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Fig. 1. Input for the simulation model: (a) Effect of the amorphous phase frac- 

tion 𝜙𝑎 on the mechanical properties in nanoindentation. (b) Data of the energy 

spectra of 2.0 MeV He ions backscattered from a random orientation (top curve) 

and the (100) channeling direction [9] mapped to amorphous fraction versus 

depth. 
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odulus of the damaged layer is still influenced by the undamaged sub-

trate, even for the shallowest depth of indentation [9] . 

The work of Huber and Beirau provides a valuable data base and

 sufficient extreme case to be used for an extension of the modeling

pproach, presented in [5] , towards predicting the mechanical proper-

ies in the course of irradiation damage. With the help of such a model,

e provide a possibility to translate a given depth profile, e.g., in the

resent case the normalized yield measured in [9] , into the amorphous

hase fraction. The predictions allow to assess if the material properties

alibrated for intrinsic damage in [5] can be applied in the same manner

lso for other types of damage, such as for example ion implantation.

or detailed transmission electron microscopy images of externally irra-

iated zircon it is referred to, e.g., [ 10 , 11 ]. 

. Modeling approach 

For the simulation of nanoindentation in zircon damaged by ion im-

lantation, we use the FEM mesh that is published in [ 5 , 12 ]. In the ear-

ier work [12] , the mesh is split in a film and a substrate for assigning

ifferent mechanical properties. Consequently, there is a sharp transi-

ion at the interface. For simulation of intrinsically damaged zircon [5] ,

he sample was modeled as bulk material and the homogenized mechan-

cal properties were derived from micromechanical simulations of a bi-

ontinuous microstructure that is generated from leveled-cut random

aussian fields [8] . This implies two percolation thresholds at phase

ractions of 𝜙𝑃 1 
𝑎 

= 15 . 9% and 𝜙𝑃 2 
𝑎 

= 84 . 1% , where 𝜙a is the fraction of

he amorphous phase. The first percolation transition at 𝜙𝑃 1 
𝑎 

character-

zes the transition from islands of amorphous zircon within a matrix

f crystalline zircon to a bi-continuous network of both phases at lower

oses, whereas the second percolation transition 𝜙𝑃 2 
𝑎 

represents the tran-

ition from the bi-continuous network to isolated islands of crystalline

hase at higher doses. An interfacial strengthening allows reproducing

he measured hardness values between the two percolation thresholds.

or details, we refer to [5] . 

In this work, we will use the data for macroscopic mechanical proper-

ies Young’s modulus 𝐸, Poisson’s ratio 𝜈, yield stress 𝜎𝑦 , work hardening

ate 𝐸 𝑇 , and the volumetric swelling 𝑉 𝑠𝑤 as function of the phase frac-

ion 𝜙a , published in [ 5 , 7 ] as initial input for our model. In [5] , the true

ontact area was used to compute the hardness, which avoids uncertain-

ies with possible pile-up behavior [13] . Furthermore, the Young’s mod-

lus was determined from uniaxial compression of the micromechani-

al model and not from the indentation simulation. In the following, we

ompare the depth dependent hardness and modulus data from [9] with

ur simulation results, hence the Oliver & Pharr method [14] must be

onsistently applied. This requires a re-calibration of relevant material

arameters. 

For the analysis of the simulation results, the rigid indenter is dis-

laced by an indentation depth ℎ at which the hardness 𝐻( 𝐴 ) = 𝑃 ∕ 𝐴 is

omputed from the true contact area 𝐴 , provided by Abaqus as field out-

ut variable CAREA [15] . This corresponds to the approach proposed in

5] , by which the yield stress has been calibrated for the micromechan-

cal model. Consistent with the experiments [9] , the Young’s modulus

( 𝐴 𝑐 ) and hardness 𝐻( 𝐴 𝑐 ) are now determined following the Oliver &

harr method [14] . To this end, and in extension of [5] , 6 unloadings

re inserted in the simulation that correspond to nanoindentation depths

f 25, 45, 75, 100, 155, and 255 nm. For a sufficient resolution of the

amaged surface relative to the FEM model, which has an edge size

f 2 mm, the depth variable in the simulation is scaled by a factor of

000. Therefore, the maximum indentation depth reaches 10% of the

odel size and boundary effects require a correction using the method

escribed in [16] . The application of this approach, which corrects the

easured stiffness via the solution of a concentrated force acting on an

lastic half space after [17] , requires the boundaries at the bottom and

he side of the model to be fixed. 

The correctness of this approach is validated with simulations for

ulk materials varying from 0% to 100% damage. From Fig. 1 a) can
2 
e seen that the Young’s modulus 𝐸( 𝐴 ) , computed with the true con-

act area shows only a variation caused by the decay of 𝜎𝑦 ∕ 𝐸 which

emains within 3% error. The Young’s modulus 𝐸 𝑖𝑛𝑑 ( 𝐴 𝑐 ) , determined

ith the Oliver & Pharr method and corrected for the finite bound-

ry effect [16] , shows similar variations, but it is slightly higher due to

ile-up effects with an average of 𝐸 ( 𝐴 𝑐 )∕ 𝐸 of 1 . 063 ± 1 . 2 ⋅ 10 −2 . For the

ardness to yield stress ratio, we obtain almost perfectly constant val-

es of 𝐻( 𝐴 )∕ 𝜎𝑦 = 2 . 162 ± 1 . 71 ⋅ 10 −2 and 𝐻( 𝐴 𝑐 )∕ 𝜎𝑦 = 2 . 377 ± 1 . 83 ⋅ 10 −2 .
herefore, the modulus and hardness as determined with the Oliver &

harr method is overestimating the true hardness by 6% and 10%, re-

pectively. This is compensated by reducing the corresponding parame-

ers in the model input by the same amount relative to the data provided

n [7] . For further details and validation, see Section S1. 

Another important input is the depth dependent damage that is in-

uced by the ion implantation. Oliver et al. measured the energy spectra

f 2.0 MeV He ions backscattered from a random orientation (top curve)

nd the (100) channeling direction for synthetic zircon crystals and for

atural zircon (Mud Tanks Carbonatite, Northern Territory, Australia)
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Table 1 

Parameters for the sigmoidal fit of the amorphous fraction 𝜙a , Eq. (1) 

and Fig. 1 b). 

Dose ( Pb ions ∕cm 2 ) 0 1 ⋅ 10 13 2 ⋅ 10 13 3 ⋅ 10 13 1 ⋅ 10 14 

𝜙𝑚𝑎𝑥 (−) 0.7 0.8 0.85 0.9 1.0 

ℎ 0 ( nm ) 30.43 39.30 86.14 112.49 145.68 

𝑝 (−) 1.482 2.086 6.374 7.869 10.365 
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9] . These spectra provide a measure for the amount of damage that is

nduced by Pb implantation doses, mapped to normalized damage. The

esults have in common that the data for unimplanted samples and for

he random orientation represent the lower and the upper limit and can

herefore be interpreted in sufficient approximation as the boundaries

or 0% and 100% amorphization, respectively. The two samples show

omewhat different results, i.e., for the synthetic zircon crystals the nor-

alized yield remains fairly constant, whereas for the natural zircon,

he data show a linear increase over the depth. This linear increase is

emoved by a linear fit to the unimplanted data set and, with the same

lope, all data of ion implanted samples are corrected. Oliver et al. re-

orted a more pronounced dechanneling at the immediate near-surface

hat is explained by the mechanical polishing. Therefore, for the fit of the

amage with sigmoidal functions, these data points are eliminated. For

arger depth, where undamaged material can be assumed, the normal-

zed yield shows a plateau value that increases with the Pb-implantation

ose. This plateau value is assigned to a zero damage value for the fit

pproach. In this way, the normalized yield measured in [9] is mapped

o the amorphous phase fraction 𝜙a shown in Fig. 1 b). The sigmoidal

ts with the function 

a = 𝜙𝑚𝑎𝑥 

{ 

1 + 

( 

ℎ 

ℎ 0 

) 𝑝 } −1 
(1)

re included as solid curves with the parameters 𝜙𝑚𝑎𝑥 , ℎ 0 and 𝑝 given in

able 1 . 

For mapping the mechanical properties from the data in Fig. 1 b),

e assumed that the normalized damage corresponds to the amorphous

raction 𝜙a . A Python script computes the amorphous fraction for all

ntegration points according to their depth position and the fit function

hown in Fig. 1 b) and stores them as a Fortran data block. Such a data

lock is included in a user field routine ‘usdfldTable[dose].f’ assigning
ig. 2. (a) Damage distribution implemented as user field subroutine shown for a

ntegration points in the undeformed configuration. (b) von Mises stress distributio

eads to a pile-up at the contact radius. 

3 
he computed amorphous fraction 𝜙a to the integration points of the

EM model via the element and integration point number. Finally, the

baqus input file contains a material card, which defines the mechanical

roperties as function of amorphous fraction, defined as field variable

DV1. In this way, the depth dependent damage is efficiently included

n Abaqus, while it is ensured that the damage remains constant for

 material point, although its vertical coordinate changes during the

anoindentation simulation. Fig. 2 shows an example of an indentation

imulation with contour plots of 𝜙a (field variable SDV1) and the Mises

tress distribution for the dose of 3 ⋅ 10 13 Pb ions ∕ 𝑐𝑚 

2 . 

Concerning the pile-up, which can lead to an underestimation of the

rue contact area by as much as 60% [13] , our analysis shows values

or 𝐴 𝑐 ∕ 𝐴 of 78%. Although zircon has a high strength and not much

ile-up is expected, the squeezing of the softened surface layer leads to

 remarkable pile-up and increase of the contact area, as seen in Fig. 2 .

imilar effects have been observed for Al films on glass [18] . 

Another important effect is the volumetric swelling that can be ex-

ected to cause compressive residual stresses. For investigating this ef-

ect, we use the data from [5] , where the volumetric swelling as function

f the amorphization was predicted. The analysis in Section S2 shows

hat a swelling strain 𝜀 𝑠𝑤 = 3 . 78% for fully amorphized material causes

n equibiaxial compressive residual stress in the damaged surface that

eaches - 8 . 9 GPa in the elastic case. This value exceeds the yield stress

f the damaged material and, therefore, the lateral compressive stresses

n the surface are limited by the local flow stress of the material. For

he simulations, the volumetric swelling is implemented via a thermal

xpansion in an initial step, where the expansion coefficient, computed

rom the data provided in [5] , is considered as field dependent material

arameter as function of the amorphous fraction 𝜙a (SDV1). 

. Results and discussion 

Fig. 3 shows the comparison of the predicted hardness and modulus

ata with the experimental data from [9] . The solid and dashed curves

how the results without and with considering swelling and the forma-

ion of residual stresses, respectively. For the Young’s modulus, shown

n Fig. 3 a), the overall agreement is very good. For lower doses, the

redictions without considering residual stresses seem to fit the experi-

ental data better, whereas for doses > 2 ⋅ 10 13 Pb ions ∕ 𝑐𝑚 

2 , the residual
 dose of 3 ⋅ 10 13 Pb ions ∕cm 

2 . The damage is assigned via the position of the 

n revealing the softening of the material in the damaged surface layer, which 
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Fig. 3. Comparison of experiments [9] (solid boxes) and simulations without 

(solid curves) and with residual stress (dashed curves) for (a) Young’s modulus 

E( A c ) and (b) Hardness H( A c ) . 
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tress shifts the predictions by 20 GPa (∼ 10%) upwards, leading to a very

ood fit with the measured values. 

In contrast, the hardness data show large deviations ( Fig. 3 b). For

he residual stress free simulations, the results are qualitatively compa-

able for ≤ 100 nm up to the dose of 3 ⋅ 10 13 Pb ions∕c m 

2 . However, for

arger depths the experimental data systematically fall below the pre-

icted curves. This seems to originating from two independent effects.

irstly, with increasing depth, the measured hardness should tend to the

alue of the unimplanted material, which is close to 20 GPa. However, it

onverges towards a value of only 18 GPa. Because this is not visible in

he Young’s modulus, it is unlikely that this drop can be attributed to ra-

ial cracking. Secondly, the hardness data at high doses drop even below

he value of the bulk reference that is predicted for 100% amorphization.

his implies that an intense Pb-ion irradiation damages zircon beyond

hat can be reached by a complete amorphization. This can result from

ncorporation of additional defect structures that ease plastic deforma-

ion. Such defect structures are reported by Zhang et al., who argued

hat some of the Pb ions might not reside in the zircon lattice at all, but

tay in other local domains or nano-clusters newly formed within the

rystal [ 19 , 20 ]. Further, Zhang et al. [19] reported an hydrogen enrich-
4 
ent in irradiated zircon, forming OH and/or hydrous species. Beirau

t al. already assumed hydrogen to make radiation damaged titanite

CaTiSiO 5 ) more compliant and softer [21] . That this has no obvious

ffect on the Young’s modulus can be explained by the counteracting

ffect from the growing pile-up in the softened film, see Fig. 2 , along

ith the much larger penetration depth of the elastic strain field, which

s therefore less sensitive to variations in the near-surface region. 

Considering swelling and compressive residual stresses in the dam-

ged region, the predicted hardness is considerably increased (dashed

urves). It is well-known that an in-plane compressive stress increases

he measured hardness [ 22 , 23 ]. For an equibiaxial residual stress, which

s close to the yield stress, the effect reaches ≥ 15 % [24] . However, as

an be seen from the dashed curves in Fig. 3 b), the effect for our sim-

lations is even larger. This could be explained by the clamping of the

ofter damaged material from all sides. Underneath, the undamaged ma-

erial represents a harder support and in the lateral direction, the ma-

erial is pushed against the indenter with maximum compressive stress.

t is therefore conceivable that the harder substrate plus an increase of

he pile-up enhances the effect of the compressive residual stress on the

ardness. 

Unexpectedly and in contrast to the Young’s modulus, the compar-

son with the experimental hardness data suggests that the samples do

ot show any sign of compressive residual stress. At this point it re-

ains unclear, which mechanism could cause the relaxation of the resid-

al stresses. A formation of microcracks should be ineffective, because

racks are closed under compressive residual stresses and, furthermore,

nder the load of the indenter. The rearrangement of atoms during the

morphization seems to be more reasonable. Such a mechanism could

e supported by ongoing ion-irradiation, which allows the damaged ma-

erial to adjust to the lateral constraint and limit the residual stress to

ow values, as long as the activation energy is increased. This would be

n agreement with the by Zhang et al. [20] assumed strain release in the

urface layers. 

. Conclusion 

In summary, we successfully implemented depth dependent dam-

ge profiles into the model [5] to predict nanoindentation hardness and

odulus after extrinsic irradiation. The model serves for validation of

he mapping of measured damage profiles into an amorphous phase frac-

ion as function of depth and to study the effect of swelling and residual

tress on nanoindentation modulus and hardness data. The extended

odel provides at least for the Young’s modulus a good approxima-

ion for the complicated scenario of Pb-implanted natural zircon that

ncludes, e.g., the formation of new phases, phase separation, presence

f impurities, hydrogen enrichment and extensive volume expansion.

he observed deviations in the hardness behavior of the implanted zir-

on suggest a surprisingly strong stress relaxation phenomenon, possi-

ly due to irradiation related structural rearrangements. For the depth-

amage relationship, SRIM (Stopping and Range of Ions in Matter) code

alculated data can also be easily used. The transferability of the model

eveloped for zircon in [5] to pyrochlore, demonstrated in [6] , and from

ntrinsic to extrinsic irradiation damage, shown in this work are very

romising conditions and suggest an application of the model also to

ther types of material and irradiation sources. 
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