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Abstract

Irradiation-induced embrittlement of Mo, W and their alloys was studied using a three-point bending test. The

specimens were in shape of a small disk, identical to a TEM sample. The shift of ductile±brittle transition was observed.

In this paper, the ®nite element method (FEM) was adopted for the analysis of deformation behavior of specimens in

the bend test. Spatial distributions of stress and strain of bend specimen were obtained. The plastic deformation that

mainly contributes to deformation of specimen was found to be restricted in a small area. Discussion of the size e�ect in

bending deformation is presented. The small three-point bend method was useful to obtain information on mechanical

properties of irradiated materials from the load±de¯ection curves, but in order to extract precise information, i.e. local

stress and strain, FEM calculation concerning irradiation hardening should also be conducted simultaneously. Ó 1998

Elsevier Science B.V. All rights reserved.

1. Introduction

Mechanical property testing of neutron irradiated

materials adds several di�culties to testing. For study-

ing irradiation-induced embrittlement of a material for

fusion reactors, exposure of several years in the highest

¯ux test rectors is often required. These specimens will

generally become highly radioactive and the cost of the

irradiation will be high. In addition, space is costly and

limited in the ®ssion reactors for the simulation of fu-

sion reactor. The study of irradiation damage of ma-

terial using small specimen has become more important

issue, because small specimens reduce the above di�-

culties.

Mechanical properties of materials after neutron ir-

radiation are greatly dependent on material and irradi-

ation conditions. It is important to evaluate the changes

of mechanical properties of materials after irradiation

for heavily irradiated materials, i.e. Molybdenum (Mo)

and Tungsten (W) as the divertor structural material of

fusion reactor [1±3] with respect to the safety operation.

We have studied the e�ect of heavy neutron irradiation

on these materials using the miniaturized three-point

bend test [4±6]. Specimen was in shape of a disk, which is

the same as a transmission electron microscopy (TEM)

disk in size.

In the three-point bend test, the distribution of stress

in the deforming specimen is not uniform. In initial stage

of deformation of bend specimen, specimen deforms

elastically in whole area. In subsequent deformation,

both elastic and plastic regions coexist in the specimen,

but the yielding area propagates radially as specimen

deforms. In three-point bend test, there are geometrical

and material nonlinearity, and they cause di�culties in

evaluating mechanical properties of the material.

The ®nite element method (FEM) has been often

used for analysis of complex structures deforming ex-

tensively, and proved to be e�ective for extracting useful

engineering information.

In this paper, we conducted FEM analyses of the

three-point bend tests using the stress±strain curves of

the irradiated and nonirradiated Mo in the uni-axial
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tensile tests in order to obtain distributions of stress and

strain in deforming bend specimens. We attempted to

show e�ect of irradiation hardening on the distributions

of stress and strain in the three-point bend specimens.

2. Experimental method and analysis

2.1. Three-point bend test

In order to evaluate deformation behavior of irradi-

ated Mo, W and its alloy, the three-point bend test was

conducted. A specimen in the bend test was a disk with 3

mm of diameter and 0.25 mm of thickness, which has the

same shape to transmission electron microscopy (TEM)

disk. The test ®xture is shown schematically in Fig. 1.

The upper and lower supports of the ®xture were pre-

pared from tungsten wire. The radius of curvature of the

supports was 0.25 mm. The testing apparatus was

mounted on an Instron type universal test machine. The

bending tests were carried out at a cross-head speed of

0.2 mm/min. During the tests, load on the specimen was

measured using a load-cell, and de¯ection was measured

from the displacement of cross-head simultaneously.

More details were described elsewhere [4].

Fig. 2 shows typical load±de¯ection curves from the

three-point bend tests. The specimens were stress-re-

lieved TZM alloy (Mo±5wt.%Ti±0.1%Zr) irradiated at

1023 K to 11 dpa. The bend tests were conducted at test

temperature of 173, 243 K, and room temperature. The

specimen fractured in the initial linear region in the

load±de¯ection curve at test temperature of 173 K. In

this region, it was considered that almost whole of

specimen deformed elastically. For specimens at test

temperature of 243 K and room temperature, load±de-

¯ection curves showed the deviation from the linear

portion as the specimen deformed, like yielding in uni-

axial tensile tests. In this region, it the decrease of gra-

dient of the curves as the specimen deforms shows the

radial propagation of the plastic deformation area which

originated from the point with maximum stress (tensile

and compressive stresses on the center of surfaces). The

de¯ection to failure increases with test temperature in-

creases. This shows that the ductile±brittle transition is

in the range of these temperatures.

For irradiated W, all specimens fractured in the ini-

tial linear region in the load±displacement curves at

room temperature, similar to the behavior of TZM at a

test temperature of 173 K in Fig. 2. In the linear portion

of load±de¯ection curve, a large fraction of the specimen

volume deforms elastically.

2.2. Analysis method

FEM calculations were carried out for the distribu-

tion of stress and strain of a specimen during the three-

point bend test. These were conducted using the elasto-

plastic analysis FEM program, MARC [7]. This FEM

code was executed using the supercomputer NEC SX-

3R of the Computer Center at Tohoku University.

We assumed that a deforming body in FEM calcu-

lations was a rectangle which deformed in plane strain

condition. There was di�erence between the three-point

bend specimen and the deforming body in FEM calcu-

lation, i.e. the deforming body had in®nite length in the

direction of the support. Since the length was ten times

larger than the thickness of specimen, the di�erence

could be ignored to obtain the tendency of the distri-

bution of stress and strain in the three-point bend

specimen. The mesh of the FEM model is shown in

Fig. 3. The relative dimensions of the FEM model areFig. 1. Schematic cross-section of the three-point bending test.

Fig. 2. Typical load±de¯ection curves of the three-point bend

test at various test temperatures for TZM irradiated to 11 dpa.
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width of 3 and height of 0.25, which is the same

proportion of the width to the thickness of the speci-

mens in the experimental bend test. Because of geo-

metrical symmetry, the analyses were done for half of

the specimen. The FEM model comprises eight-noded

isoparametric elements. We assumed that the elements

deformed in plane strain condition during deformation.

It also assumed that the upper and lower supports were

rigid bodies, and there was no friction between the de-

forming specimen and the supports.

The deformation behaviors of the FEM elements are

ruled by parameters given as uni-axial tensile true stress±

true strain curve in MARC. The stress±strain curves

used for the FEM elements are shown in Fig. 4. These

data were based on the experimental results obtained

from uni-axial tensile test of irradiated and nonirradi-

ated Mo. The two cases in the FEM calculations were

called SS-1 and SS-2, and simulated which were based

on nonirradiated and irradiated Mo, respectively. The

yield stress of the material was 740 MPa for SS-1 and

1540 MPa for SS-2, and the work-hardening rate of SS-2

was slightly larger than SS-1 [8].

3. Results and discussion

FEM analyses were conducted for deformed speci-

mens in the three-point bend test. In the experimental

bend test, some specimens of irradiated Mo failed at

de¯ection of 0.2 mm or higher, so that we show the re-

sult of FEM analysis of specimen bent at this de¯ection

[4].

Fig. 5 shows the distributions of equivalent plastic

strain ep in each specimen. The de¯ections in FEM cal-

culation correspond geometrically to 0.2 mm in the ex-

perimental three-point bend test specimen. In the

vertical direction, ep decreases and reaches zero on the

neutral axes from the lower surface (the tensile-side

surface) to the inside of the specimen, and then increases

to the upper surface (the compressive-side surface). In

the horizontal direction, the yielding regions, which

contribute mainly to the de¯ection of bending, is

Fig. 4. Stress-strain curves in uni-axial tensile tests for unirradiated and irradiated molybdenum [8].

Fig. 5. Distribution of equivalent plastic strain in the bending

specimen, (a) SS-1 and (b) SS-2. De¯ection corresponds to 0.2

mm in the experimental bend test.

Fig. 3. FEM mesh model used in this study. Because of the

symmetric con®guration, the analysis were conducted for the

half part of specimen.
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localized near the plane of symmetry, where the bending

moment reaches a maximum value. The yielding region

in SS-1 is larger than that in SS-2. The regions where ep

>2% are 14% of whole area of the model for SS-1, and

9% for SS-2. The plastically deformed regions are con-

centrated near the surfaces of the specimen at this de-

¯ection.

Fig. 6 shows the equivalent plastic strain ep and von

Mises stress rv as the function of the distance (l) from

the plane of symmetry on the tensile-side surface ob-

tained by FEM analysis. This deformation corresponds

to the experimental bend specimen with de¯ection of

0.20 mm. The horizontal axis is the distance l from the

plane of symmetry so that l for the point of the lower

support touching on the specimen is 1.0. In both models,

the equivalent plastic strain ep is maximum value at l� 0

and decreases rapidly as l increases. The von Mises stress

rv decreases slowly with l comparing with the case of ep.

Maximum ep is 15% for SS-1 and 11% for SS-2. But

these values are of deformation of very small area ob-

tained by FEM analysis, and the di�erence of miniature

and standard specimen in size must be addressed. The

stress in SS-2 is more than twice of the stress in SS-1 at

the same distance throughout l. But the di�erence of ep

of SS-1 and SS-2 is not so much comparing to the stress

because of the higher yielding stress of SS-2.

Fig. 7 shows FEM analysis for the change of maxi-

mum equivalent plastic strain ep during bend deforma-

tion of specimen of SS-1 and SS-2 cases. The maximum

ep is always on the tensile-side surface near the plane of

symmetry throughout the deformation of the specimen.

The horizontal axis is the displacement d of the upper

support. The vertical axis is the maximum ep in the

specimen deformed at displacement d. The displace-

ments where ep begins to increase are di�erent for case of

SS-1 and SS-2. The maximum ep starts to increase at

displacement 0.027 mm of the upper support for SS-1

and 0.070 mm for SS-2. It is considered that the de-

¯ections d at which local plastic deformation begins to

increase are directly dependent on the yield stresses

given as material parameters for each models. For

evaluation of mechanical properties using bending test,

load and de¯ection were used in former works by other

researchers. But these results showed FEM analysis

should be conducted simultaneously for materials to

extract local plastic strain from de¯ection and to eval-

uate deformation behavior of the materials. For irradi-

ated materials, irradiation hardening also should be

concerned to estimate maximum plastic strain in speci-

men deformed at a displacement.

Many factors should be considered to understand

size e�ects in miniature specimens. One of the factors is

the relation between grain size of specimen and mini-

mum length of specimen., It was considered that the

minimum length, i.e. the thickness of typical miniature

tensile specimen, should be at least about ®ve times

Fig. 7. Equivalent plastic strain at the center of tensile stress

loaded side versus displacement of the upper support in the

vertical direction.

Fig. 6. The distance from the center along the tensile surface

versus equivalent plastic strain and von Mises stress at de¯ec-

tion of 0.20 mm.
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larger than the grain size of specimen to obtain poly-

crystalline deformation behavior from tensile test [9].

This point should be considered also in the three-point

bend specimen. As described below, the distributions of

stress and strain of bend specimen calculated in this

paper is important to consider e�ects of minimum length

of specimen and grain size.

In analogy with the case of tensile specimen, we as-

sume that the region must contain at least ®ve grains

where the stress and strain is regarded as average prop-

erties. (a) For a material with ®ne grain structure such as

stress-relieved molybdenum, of which the grain size was

2 lm [4], the average value of calculated stress and strain

in the region of �5 ´ 2 lm is of signi®cance, since we

could obtain maximum local strain in the bend specimen

from the average calculated strain in region ranging 10

lm in both directions of thickness and of beam from the

center of the tension-side surface. Therefore, the maxi-

mum local strain in the bend specimen could be esti-

mated from the de¯ection of a specimen of thickness of

250 lm (�10 lm). (b) For a material such as recrystal-

lized molybdenum, of which the grain size was about 20

lm [4], ®ve grains range wide over 100 lm. In that case,

the de¯ection of the three-point bend test for a specimen

with the thickness of 250 lm (>100 lm) mainly re¯ects

properties of grains on the surface area, rather than av-

erage properties of many grains. Thus, to evaluate

maximum local stress and strain from the de¯ection of a

miniature bend specimen, the number of grains which

contribute to the local deformation should be consid-

ered. Since the result of Fig. 6 showed that strain varied

more rapidly around the maximal point, than stress. The

above point should be noted in estimation of local strain

than in that of local stress.

4. Summary

Deformation analysis of small specimens during the

three-point bend test was conducted by FEM calcula-

tion. The distributions of stress and strain in the bend

specimen and their change during deformation were

obtained. The analysis showed that the region of plastic

deformation is con®ned to the center of the specimen

near the surfaces. The beginning of local plastic defor-

mation was signi®cantly dependent on the yield stress of

the material. The relation between the macroscopic de-

¯ection and the microscopic stress and strain distribu-

tions in the specimen was obtained, which is useful to

consider the in¯uence of grain size on the average

properties of materials in the miniature bend test.
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