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Abstract

Topography on the fatigue fracture surface was examined by using a confocal laser microscope for the side-notched

small specimens of 20% cold-worked 316 stainless steel fractured in stress-controlled fatigue tests under the in-beam

(dynamic), post-irradiation (static) and unirradiation conditions with 17 MeV protons at 60 �C. A technique of the

fracture surface topography analysis (FRASTA) was adopted to extract the information of plastic deformation at the

crack tip for the in-beam, post-irradiation and unirradiated specimens. The progress in plastic deformation at the crack

tip was significantly delayed in the dynamic irradiation condition while not so much as in the static irradiation con-

dition. The present results of FRASTA would not only support the superiority of dynamic irradiation effect to the static

irradiation effect on fatigue behavior but also provide good evidence for the mechanism of the dynamic irradiation

effect based on the interaction between continuously induced defect clusters and mobile dislocations.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Fusion reactor materials will be subjected to severe

atomic displacement damage and external loadings such

as thermal and magnetic stresses, simultaneously. Since

the external loadings include cyclic component in their

nature due to periodic operation of fusion reactor, it is

important to understand the in-beam fatigue behavior of

structural materials in order to construct the material

design concept of fusion reactor. In the course of in-

creasing demand on the understanding of in-beam fa-

tigue behavior during the recent decades, some workers

[1–3] have reported some essential differences in the fa-

tigue behavior of type 316 stainless steel between in-

beam (dynamic) and post-irradiation (static) conditions;

the lifetime in the in-beam fatigue tests is longer than
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that in the post-irradiation tests. In the previous study

[1], Murase et al. have conducted the stress-controlled

fatigue tests for the single side-notched small specimens

of 20% cold-worked 316 stainless steel under the in-situ

(dynamic), post-irradiation (static) and unirradiation

conditions with 17 MeV protons at 60 �C. The fatigue

life was substantially prolonged in the in-situ irradiation

condition, whereas a slight increase of lifetime was de-

tected in the post-irradiation condition. Fatigue stria-

tions on the fracture surface has been also examined by a

scanning electron microscope (SEM) for all specimens.

The striation analysis suggested that substantial exten-

sion of fatigue lifetime in the in-situ irradiation condi-

tion was mainly attributed to the delay in the processes

of crack initiation and growth until 100 lm in length.

Although the higher resistance to fatigue fracture in the

dynamic irradiation condition has been demonstrated

from SEM measurement on fracture surface, any direct

evidence for the mechanism of the dynamic irradiation

effect on fatigue behavior could not be obtained in the

previous work.
ed.
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Fig. 1. Dimensions of the single side-notched specimen for

fatigue tests.
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A new fractographic technique, fracture surface to-

pography analysis (FRASTA), has been developed to

reconstruct fracture events in microscopic details by

qualifying and analyzing the topographies of conjugate

surfaces simultaneously [4]. The technique can provide

some indications of fracture toughness, crack initiation

site, crack growth rate, the crack-opening displacement

and plastic deformation at the crack tip. In particular,

the information of plastic deformation at the crack tip is

inaccessible from SEM measurement, hence it could

offer a new way to evaluate how the higher resistance to

fatigue fracture is produced in the dynamic irradiation

condition. In the present study, three-dimensional to-

pographic data on the conjugate fracture surfaces were

measured by using a laser confocal microscope for the

in-beam, post-irradiation and unirradiated specimens.

The objective of the present work is to improve the

understanding of the dynamic irradiation effect on fa-

tigue behavior by means of FRASTA technique.
2. Experimental procedure

In the previous study [1], fatigue tests had been

conducted for 20% cold-worked 316 stainless steel under

in-beam, post-irradiation and unirradiation conditions

with 17 MeV protons at 60 �C. Chemical composition of

the steel and dimensions of the single side-notched

fatigue specimen are shown in Table 1 and Fig. 1, re-

spectively. Cyclic loading mode was triangular wave in

stress control with the maximum stress of 536.4 MPa

and the minimum stress of 236.4 MPa under a constant

loading rate of 50 MPa/s. In the present 17 MeV proton

irradiation, atomic displacement rate was adjusted to

1· 10�7 dPa/s with an error range of ±11%. The details

of specimen preparation, irradiation condition and the

in-beam fatigue experimental machine were described

elsewhere [5]. The specimens fractured in the previous

fatigue tests were used for the present study. The three-

dimensional topographic data on the conjugate fracture

surfaces were obtained by using a blue laser confocal

microscope (Lasertec.VL2000) for the in-beam, post-

irradiation and unirradiated specimens. The resolution

of the topographic data was 0.36 lm/pixel and 0.59 lm/

scan in XY plane and depth (Z direction), respectively.

The topographic maps of the conjugate fracture surfaces

were stored in a computer, and one fracture surface was

inverted to superimpose on the other map of the coupled

surface. The analytical procedures of FRASTA tech-
Table 1

Chemical compositions of 316 stainless steel (wt%)

C Ni Cr Mn Mo

0.06 10.30 16.79 1.17 2.16
nique [6] are shown in Figs. 2(a)–(d) with schematic

illustrations of cross-sectional plots (XSPs). The co-

ordinates of the two maps were adjusted precisely to

coincide the corresponding configurations such as

ratchet-marks and dimples on the conjugate surfaces

(Fig. 2(a)). Then the inclination angle h was introduced

to 3D data of the conjugate surfaces along the direction

of crack propagation in order to compensate the elastic

deformation at the crack tip (Fig. 2(b)). In the present

study, the angle of h was deliberately selected as 3.5� so
that (1) the shape of main crack front was consistent

with the configurations on the fracture surface and (2)

micro-cracks ahead of main crack front did not come

back to the front during the analysis [6]. When two maps

were set together at the notch tip (Fig. 2(c)), then one of

the maps was detached gradually (Fig. 2(d)). The frac-

tured area projection plots (FAPPs) were also presented

in Figs. 2(c) and (d). In these plots, un-overlapped areas

(fractured areas) are indicated as white and overlapped

areas (un-fractured areas) are dark. Fig. 3 shows a

typical series of FAPPs for the unirradiated specimen

with increasing opening of the conjugate surfaces (de-

noted as d). In FAPPs, the distance of main-crack front

from the notch tip (denoted as l) is calculated as

l ¼ lall � A=Aall;

where A is the fractured area, Aall is the total area of the

projection plots and lall is the length of the plots in the
Si P S Fe

0.68 0.027 0.001 Balance



Fig. 2. Analytical procedure of FRASTA.
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direction of crack propagation at d ¼ 0 [7]. The opening

of the conjugate surfaces, d, was plotted with the dis-

tance of main-crack front from the notch tip, l, for all

specimens. In this plotting of d with l, the slope of

plotting ðDd=DlÞN at N th plot ðlN ; dN Þ is roughly calcu-

lated as

ðDd=DlÞN ¼ ðdNþ1 � dN�1Þ=ðlNþ1 � lN�1Þ ðN P 1Þ;

where the initial plot ðl0; d0Þ ¼ ð0; 0Þ. The slope of

plotting, Dd=Dl, was also plotted with l for all speci-

mens.
3. Results

Fig. 4 presents the plotting of (a) d and (b) Dd=Dl
with l for all specimens. The additional dashed line of

d ¼ 2l� tan 3:5� shown in Fig. 4(a) stands for the in-

crement of d accompanied with the inclination angle of

h ¼ 3:5�. The plots were considerably fitted on the da-

shed line until about 400 lm for all specimens, and

substantial deviation from the dashed line started

around 450 lm for the post-irradiation and unirradiated

specimens. Although the plotting was quite similar for

the post-irradiation and unirradiated specimens, con-

siderable fit of plots on the dashed line was further ex-

tended until about 700 lm for the in-beam specimens.
As for the plotting of Dd=Dl with l shown in Fig. 4(b),

the plots were fairly fitted on the dashed line of

Dd=Dl ¼ 2� tan 3:5� within the scattering range of

2� tan 3:5�� 70% until about 400 lm for all specimens.

When a point where Dd=Dl changes beyond the scat-

tering range is designated as the bending point in this

paper, the bending point seemed to be around 450 lm
for the post-irradiation and unirradiated specimens and

around 700 lm for the in-beam specimens, as shown in

Fig. 4(a) and (b).

Striation analysis on the fracture surface has been

conducted for the in-beam, post-irradiation and unir-

radiated specimens in the previous study [1]. Fig. 5

shows the variation of striation spacing with the distance

from the notch tip for all specimens. Since the striation

spacing has been considered to agree with crack growth

per one cycle when it is in the range from 0.1 to 1.0 lm
[8], one-to-one correlation between fatigue cycle and

striation spacing is applicable to the results of striation

analysis shown in Fig. 5. In comparison of results be-

tween the FRASTA (Fig. 4(a)) and the striation analysis

(Fig. 5), the bending point appeared to be in good

agreement with the beginning of rapid increase in stri-

ation spacing for all specimens. Striation spacing was

smaller until 500 lm for the post-irradiation specimen

than that for unirradiated specimens (see Fig. 5), irre-

spective of quite similar plotting for both specimens (see

Fig. 4(a)).



Fig. 3. Typical series of FAPPs for the unirradiated specimen.

Fig. 4. The plotting of (a) d and (b) Dd=Dl with l for all

specimens.

Fig. 5. The variation of striation spacing with increasing dis-

tance from notch tip.
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4. Discussion

4.1. Comparison of results between FRASTA and stria-

tion analysis

The relation of the progressing main-crack front with

the opening of the conjugate fracture surfaces, namely

the plotting of l with d shown in Fig. 4(a), is well known

as a fracture progression curve (FPC) [9]. The FPC can

be utilized to estimate not only the crack tip opening

displacement (CTOD) related to the J-integral or stress

intensity factor [7] but also the locations of overloads or

environmental changes during the fracture tests [9,10].

Kobayashi and co-workers have adopted FRASTA

technique to deduce crack growth rate of vessel tube by

addressing the changes in slope of FPC on the loading

and temperature histories [10]. Even in the isothermal

fatigue tests under constant fatigue loading condition,

the rapid increase in the slope of FPC would reflect the

transition of fatigue cracking mode (from Stage IIb to IIc)

[11] followed by large-scale plastic deformation at the

crack tip before the ductile fracture. In the present results

of FRASTA shown in Fig. 4(a), therefore, the deviation

of the plots from the dashed line indicates the progress in

plastic deformation at the crack tip during the process of

crack propagation. The comparison of results between

FRASTA (Fig. 4(a)) and striation analysis (Fig. 5) re-

vealed good agreement between the bending point and

the beginning of rapid increase in striation spacing for all

specimens. Since striation spacing corresponds to crack

growth rate in this case, it is reasonably suggested that

the development of large-scale plastic deformation at the

crack tip could be correlated with rapid increase of crack

growth rate. The progress in plastic deformation at the

crack tip could be also estimated with the number of

fatigue cycles for each specimen. Smaller striation spac-

ing with further extended cracking area until about 700

lm in the in-beam specimens implies the larger number
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of fatigue cycles to the development of large-scale plastic

deformation in the dynamic irradiation condition. Even

in the post-irradiation specimen, smaller striation spac-

ing until about 500 lm indicates slight increase in the

number of cycles to the substantial plastic deformation in

the static irradiation condition. Therefore, the progress

in plastic deformation at the crack tip would be signifi-

cantly delayed in the dynamic irradiation condition while

not so much in the static condition.

4.2. The effect of in-situ irradiation on crack propagation

It is well known that fatigue behaviors are closely as-

sociated with the rearrangement of dislocation structures.

Some workers have reported the evolution of inhomo-

geneous dislocation structures such as cells and wall-

channels at the plastic deformed zone in the vicinity of

crack tip for type 316 stainless steels [12,13]. The forma-

tion of the inhomogeneous dislocation structures plays an

important role in accommodating the plastic strain ac-

cumulated during cyclic loading [14]. The saturation of

the inhomogeneous dislocation structures results in the

emergence of planer slip leading to the initiation and

growth of fatigue cracks [14]. This consecutive rear-

rangement of dislocation structures would be modified by

the introduction of the radiation-induced defects (RID)

clusters. The general assumption is that the RID clusters

act as obstacles against the dislocation glide, thereby en-

hancing the resistance to the evolution of inhomogeneous

dislocation structures. In the meanwhile, however, the

RID clusters could be absorbed or swept away during

dislocation glides on the planar slips when the RID

clusters are unstable against the interaction with mobile

dislocations. Since the RID clusters are continuously in-

duced into the materials in the dynamic irradiation con-

dition, the in-beam fatigue behavior is expected to be

essentially different from that in the static condition where

the defect clusters are already induced prior to the fatigue

test. In the previous study [1], substantial prolongation of

fatigue life was reported for 20% cold-worked 316 stain-

less steel in the in-situ irradiation condition with 17 MeV

protons at 60 �C while fatigue life slightly increased in the

post-irradiation condition. The explanation of the supe-

riority of dynamic irradiation effect to static effect on

fatigue behavior at 60 �C has been attempted on the basis

of the interaction between RID clusters and mobile dis-

locations. In the post-irradiation, a number of RID

clusters are implanted into the material prior to the fa-

tigue cycling. The density of the pre-implanted RID

clusters would be reduced at the crack tip where the

plastic deformation is accumulated during fatigue cycling,

because the RID clusters could not grow enough to be

stable against mobile dislocations at 60 �C. Since nu-

merous fatigue cycles are necessary to initiate cracks

through the rearrangement of dislocation structure, an

extensive decrease in density of RID clusters would lead
to little impact of static irradiation effect on the process of

crack initiation. Although the pre-implanted RID clusters

could survive and act as the temporary obstacles against

dislocation glides when the crack propagates with less

numerous cycles involved at the crack tip, this temporary

interaction would not be dominant enough to extend the

cracking area of the post-irradiation specimen further

than those of the unirradiated specimens (see Fig. 5).

Therefore, smaller striation spacing until 500 lm for the

post-irradiation specimen shown in Fig. 5 may reflect the

interaction between the pre-implanted RID clusters and

mobile dislocations. In contrast, the RID clusters are

continuously induced into the plastic deformed zone at

the crack tip in the dynamic irradiation condition. The

balance between continuous introduction and annihila-

tion of RID clusters would keep the higher density of

RID clusters and provide the persistent obstacles against

dislocation glides at the deformed zone. Since the devel-

opment of inhomogeneous dislocation structures would

be persistently delayed during the in-beam fatigue tests,

the dynamic irradiation effect should have substantial

influence on not only the process of crack initiation but

also the process of crack propagation. The interaction

between continuously induced RID clusters and mobile

dislocations may be responsible for smaller striation

spacing with the further extended cracking area for the in-

beam specimens (see Fig. 5). However in the previous

study, these interpretations of the dynamic/static irradi-

ation effects were based on the general assumption, so

that some quantitative evidences have been definitely

needed to demonstrate them.

In the present study, significant delay of the progress

in plastic deformation at the crack tip was suggested in

the in-beam specimen while not so much in the post-

irradiation specimen. Since the plastic deformation

involves the evolution of inhomogeneous dislocation

structures, the higher resistance to the development of

inhomogeneous dislocation structures would be strongly

indicated in the dynamic irradiation condition. There-

fore, the present results of FRASTA may not only sup-

port the superiority of dynamic irradiation effect to the

static irradiation effect on fatigue behavior but also pro-

vide good evidence for the mechanism of the dynamic

irradiation effect based on the interaction between con-

tinuously induced RID clusters and mobile dislocations.

Thus, a technique of FRASTA is a powerful tool to

evaluate the material fatigue behavior, and it could be the

alternative to the striation analysis even in some ferritic

stainless steels where no fatigue striation is detectable due

to the intrinsic roughmorphology on the fracture surface.
5. Conclusions

The FRASTA was applied to examine the fatigue be-

havior of 20% cold-worked 316 stainless steel fractured in
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the stress-controlled tests under the in-beam (dynamic),

post-irradiation (static) and unirradiation conditions

with 17 MeV protons at 60 �C. The information of

plastic deformation at the crack tip was extracted by

means of a technique of FRASTA for all specimens. The

comparison of results between FRASTA and the stria-

tion analysis indicated that the development of sub-

stantial plastic deformation at the crack tip could be

correlated with rapid increase in crack growth rate. It is

suggested that the progress in plastic deformation was

significantly delayed in the dynamic irradiation condi-

tion while not so much in the static condition. The re-

sults of FRASTA would not only support the

superiority of dynamic irradiation effect to the static

irradiation effect on fatigue behavior but also provide

good evidence for the mechanism of the dynamic ir-

radiation effect based on the interaction between

continuously induced defect clusters and mobile dislo-

cations. The usefulness of FRASTA in understanding

the in-beam fatigue behavior was demonstrated in the

present paper.
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