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9.6 Finite Element Modeling of Microindentation for Determining Mechanical

Characterization of Ion Irradiated Layer
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(E-mail: ioka@popsvr.tokai.jaeri.go.jp)

A triple ion beam facility can be used to simulate the irradiation environment by

producing displacement damage in the material while simultaneously implanting H and He,

which is controlled to achieve the equivalent dpa to the expected irradiation. However, the

ion-irradiated area is limited to the very shallow surface layer (<3|im depth) of the specimen

so that the irradiation damage is distributed around the thin layer. Hence, a microindentation

technique combined with an inverse analysis using a finite element method (FEM) was

applied to examine the influence of ion irradiation on the mechanical properties of the thin

layer and derive the constitutive equation of the damaged parts.

A material tested is 316 stainless steel. The configuration of specimen is a disk of

3mm diameter with 0.2mm thickness. The electrochemically polished disk specimens were

irradiated in single (12MeV Ni3+) ion beam mode at a temperature of 200°C. The SRIM97

code formerly known as TRIM1' was used to compute the required ion fluence and the

displacement dose as a function of depth beneath the specimen surface. The results of the

SRIM97 calculation for the specified irradiation conditions are shown in Fig.l. This figure

shows the displacement damage in dpa by Ni3+ ion and the distribution of the ions as a

function of depth in the specimen. The displacement damage in the disk specimen is mainly

attributed to Ni3+ ion irradiation. The peak dose is about 22dpa around 2|i.m. The peaks of Ni3+

ion is about 0.6at%.

The microindentation technique may be applicable to evaluate mechanical properties

of the irradiated layer. The microindentation test was carried out on the surfaces of the

irradiated and unirradiated (as received) disk specimens at room temperature using a

Berkovich-shaped diamond indenter. A testing machine, DUH-200 (Shimadzu Co.), was used

for the microindentation test. A load was applied with a loading speed of 2.6xlO"3 N/s, held 1

second and then removed. During loading and unloading, the load was continuously

monitored along with the displacement with a resolution of 2mN and 0.01(im, respectively.

The inverse analysis on the measured load/depth curve was performed using an explicit

FEM code, DYNA, which permits us to do a large deformation analysis, to determine the

mechanical properties of the irradiated-layer and give the interpretation on the behavior of the
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load/depth relationship. The model is illustrated schematically in Fig.2. The indenter was

perfectly rigid. The contacting interface between the specimen and the indenter tip is assumed

to be frictionless. The mesh size was given to be sufficient fine to keep accuracy: the

minimum element size is 0.05fxm. The total number of the elements used in the specimen

model is 5289. The loading rate in the calculation is sufficiently small to ignore an inertia

effect as static condition.

In order to derive a constitutive equation of the irradiated layer of the specimen, we

have carried out the inverse analysis based on FEM calculation. In the inverse analysis, firstly

we assumed the form of constitutive equation for the irradiated layer and unirradiated part.

And then, after iterating calculation on the load/depth-depth curve to be given the suitable

fitting between experimental and analytical results, we determined the constants in the

constitutive equation of the irradiated layer. The following constitutive equation was

assumed :

O=E£, CKGy (1)

a=C(£0+£)n, eo=(ay/C)1/n-(ay/E), a>ay (2)

where E is Young's modulus and ay is yield stress, and C and n are material constants. It is

generally believed that Young's modulus is not affected by irradiation. Hence, Young's

modulus was determined to be 200GPa, regardless of the dpa value. Figure3(a) shows the

analytical result giving a fairly good agreement with the experimental results on the

unirradiated specimen. Based on this result we determined the constants in the Eq.(2),

C=1380MPa,n=0.42.

The yield stress is very dependent on the amount of irradiation. The yield stress for the

irradiated layer was calculated using the relationship between the dpa value on the depth and

the yield stress dependency on the dose equivalent to the dpa5) For the single ion(Ni+)

irradiated specimen, the yield stress change with depth in the irradiated thin layer was

represented by dividing it into 6 layers. Finally, the analytical result represents the indentation

behavior of the irradiated specimen described with the load/depth-depth curve very

adequately, as shown in Fig.3(b). The curve is strongly dependent on the change of the

mechanical properties.
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Fig.9.6.1 Displacement damage and implanted Fig.9.6.2 Axisymmetric two-dimensional mesh

Ion profile for 316SS calculated by for simulating microindentation of the

SRIM97 i o n
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Fig.9.6.3 Experimental and calculated Load/Depth-Depth curves in (a)unirradiated and

(b)single ion irradiated specimens
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