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Non-Destructive Evaluation of Fatigue Damage in Type 316
Stainless Steel Using Positron Annihilation Lineshape Analysis
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We applied positron annihilation lineshape analysis for non-destructive evaluation of fatigue stored in type 316 stainless steel, mainly
used in primary water lines of pressurized water reactors (PWR). Using %8Ge as a positron source, an energy spread of annihilation gamma
ray peaks from stainless steel specimens was measured. After preparing stress- and strain-controlled fatigue specimens, we investigated the
relation between fatigue life and a non-destructive parameter of lineshape analysis defined as the S-parameter and compared the microstructure
of the fatigue specimenswith the S-parameter. Asaresult, there was good correlation between the S-parameter and fatigue life; the S-parameter
increased with dislocation density monotonically. The relation between the S-parameter and fatigue life in stress-controlled fatigue differed
fromthat in strain-controlled fatigue. The S-parameter increased faster in early stage of thelatter than in theformer. In stress-controlled fatigue,
the change in the S-parameter did not depend on stress amplitude in the range of ratio to yield stress under 0.9. In the strain-controlled fatigue,
the change in the S-parameter did not depend on strain amplitude in the range from 0.25 to 0.31%. However, when stress amplitude or strain
amplitude became higher, the change in the S-parameter increased largely in the early stage of the fatigue life. We demonstrated systematic

data to evaluate the fatigue damage in type 316 stainless steel.
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1. Introduction

More than thirty years have passed since light water type
nuclear power stations were commissioned. It is considered
that component materials forming plant facilities have un-
dergone secular changes through their long time operations.
For this reason, inspections such as penetrant testing, ultra-
sonic test, and eddy-current test are conducted with the aim
of detecting deterioration before functional failure of nuclear
power station components occurs.

In this study, attention was focused on positron annihila-
tion analysis as a means for non-destructively detecting and
evaluating symptoms of material deterioration due to fatigue
accumulated in stainless steel piping of nuclear power plants
long before cracks occur. Positron annihilation analysis pro-
vides a method of measuring Doppler broadening and space
distribution of gamma rays generated as a result of the an-
nihilation of positrons generated from an accelerator or ra-
dioisotopes through the formation of pairs with electronsin a
material; it also serves as amethod of measuring the time dis-
tribution before positrons disappear. The method is known to
be sensitive to micro structural changes such as vacancies and
dislocations due to plastic deformation long before cracks oc-
cur.’3 In this study, which was aimed ultimately at enabling
evaluation of fatigue damage in nuclear plant piping in the
field, we adopted the Doppler broadening method, a method
for measuring energy broadening of annihilation gammarays,
because of its simple measurement system.

Although several attempts have been made to measure plas-
tic deformation and fatigue damage for some kinds of mate-
rials by using the Doppler broadening method,*” systematic
data have not been evaluated. In this study, we prepared spec-
imens by applying fatigue to type 316 stainless steel, widely
used in nuclear power stations, measured Doppler broaden-
ing using positron annihilation analysis, and examined the

feasibility of evaluating fatigue on the basis of the analysis.
Hereinafter we describe the positron annihilation analysis by
means of the Doppler broadening method as positron anni-
hilation lineshape analysis. We aso elaborately investigated
the relationship between non-destructive evaluation parame-
ters and fatigue life ratios to evaluate degrees of fatigue dam-
age. We also observed microstructures of the same speci-
mens for comparison with the results obtained from positron
annihilation lineshape analysis. In this paper, data obtained
from measurement of fatigue specimens with high stress am-
plitude (270 MPa) and those with high strain amplitude (0.34
to 0.50%) were added to the results presented thus far® to
summarize al of the data

2. Experimental Procedure

2.1 S-parameter measurement of positron annihilation
If lattice defects such as dislocations and vacancies exist in
materials, conduction electrons ooze into the lattice defects.
Then the lattice defects are negatively charged. That is, the
absence of metal ions makes such defects negatively charged.
Thisin turn causes positively charged positronsto be attracted
to the lattice defects, increasing the proportion of positron an-
nihilation with conduction electrons. In other words, lattice
defects in materials provide annihilation sites for positrons.
Therefore, as the number of |attice defects increases, the pro-
portion of annihilation with conduction electrons increases.
With electrons in materials divided into core electrons and
conduction electrons, the energy distribution of gamma rays
generated as aresult of the annihilation of positrons with con-
duction electrons has a narrower, sharper peak than the one
observed when positrons are annihil ated with core electrons.?
Therefore, as the number of lattice defects, such as disloca-
tions, increases in materials due to fatigue, the proportion of
annihilation with conduction electrons increases. Then, the
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Figure 1 shows the positron annihilation lineshape analy-
sis system (AEA Technology, model PALA-2) we used for
the experiment. The system consists of a high resolution
intrinsic Ge gamma ray detector (whose resolution is repre-
sented by FWHM = 1.75keV for gamma rays with energy
of 1.332MeV from ®Co; the system includes a liquid nitro-
gen Dewier for cooling the detector), a pre-amplifier, a high
voltage power supply, a counting unit (consisting of a main
amplifier, an analog-to-digital converter, and a counter), an
analyzing unit, a positron source, and other components.

In the present study, %8Ge, with radioactivity of about
740kBg and 1.48 MBq, was used as the positron source. Hav-
ing high energy (1.9MeV maximum), a positron from %Ge
generated by this electron capture diffuses over a range ex-
tending relatively deep into a specimen (up to about 250 pum).
The positron source was integrated with a strapped joint. Dur-
ing the measurement, positrons generated on the opposite
side of the strapped joint were emitted to the specimen. The
gamma rays generated as a result of annihilation of electron-
positron pairs in the specimen were detected by the gamma
ray detector located in front of the specimen and positron
source, with the detector output amplified and digitized to be
analyzed by a personal computer. When a positron source
with stronger intensity was used, a lead collimator (30 mm
thick, 14 mm detection hole diameter) was placed between
a specimen and the gamma ray detector to adjust the inten-
sity of annihilation gamma rays. A measurement time per
one point was about six minutes. Signals detected during a
measurement session were analyzed on the spot to calculate
an S-parameter showing the degree of broadening of the en-
ergy peak exhibited by annihilation gammarays. Asshownin
Fig. 2, an S-parameter was defined by the ratio of the number
of counts at the center of the energy peak of the annihilation
gammarays (range, 511 4+ 0.89keV) to the number of counts
for the entire range (range, 511 + 14.83keV). As number of
lattice defects increases, the proportion of annihilation with
conduction electrons increases, with the width of energy dis-
tribution of gamma rays decreasing and hence the peak of the
distribution becoming sharper. Therefore the S-parameter in-
creases. In positron annihilation lineshape analysis, we made
five or more measurements on a specimen and averaged the
values to determine the S-parameter for that specimen.
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Fig. 2 Définition of S-parameter.

2.2 Preparation of specimens

Table 1 shows the chemical compositions, solid solution
heat treatment conditions, and base metal shapes of the type
316 stainless steel fatigue test materials, while Table 2 shows
the mechanical properties of those materials. As shown in
Fig. 3, the rod-shaped specimens made using these materials
were subjected to the fatigue tests under the following con-
ditions at ambient temperature. After machining, the parallel
portions of a specimen were longitudinally ground to the fine-
ness equivalent to finish by #1000 emery paper.

The fatigue test was conducted in the atmosphere at ambi-
ent temperature under perfect tension and compression axial
stress control or strain control. In the stress-controlled test,
sine waves (frequencies of 1.7Hz and 2Hz) were applied;
while in the strain-controlled test choppings (strain rate of
0.4%/sec) or sine waves (frequency of 1Hz) were applied.
Table 3 shows the test conditions for individual materials.

First, fatigue tests were continued until the specimenswere
broken to determine the number of cycles to fracture N;
the test conditions were stress amplitude exceeding 200 MPa
for the stress-controlled test and strain amplitude exceeding
0.25% for the strain-controlled test, respectively. Follow-
ing thistest, partway cycle-repeated specimens were prepared
that corresponded to several values of N/N;, with N denot-
ing the number of cyclesand N/N; the fatigue life ratio. For
the next tests where the stress amplitude was not more than
200 MPa, specimenswith N = 10° cycles were prepared that
were intended for six test conditions corresponding to am-
plitudes from 100 to 200MPa at 20 MPa intervals. On the
basis of the results on these, three conditions (120, 180, and
200 MPa) were selected and specimens with various numbers
of cycleswere prepared.

In addition, specimens with mixed degrees of fatigue were
prepared such that, after being subjected to a fixed number
of fatigue cycles at stress amplitude of 230MPa in a stress-
controlled test, were subjected to fatigue with stress am-
plitudes other than 200 MPa, 240MPa, and 250 MPa. Fur-
thermore, in the combination of amplitudes of 230 MPa and
200 MPa, specimens that were subjected to a reversed order
of stress amplitude application, namely first to 200 MPa and
then 230 M Pa, were prepared.

These specimens were cut in the center as shown in Fig. 4
and subjected to positron annihilation lineshape analysis and
micro structural observation through a transmission electron
microscope (TEM).



Non-Destructive Evaluation of Fatigue Damage in Type 316 Stainless Steel Using Positron Annihilation Lineshape Analysis 729

Table 1 Chemical composition of type 316 stainless steel test specimens (mass%).

i c S M p s C M Solution Base metal size (mm)
SpeC| men n r (o] heat treated ase m Size (mMm
s MAX MAX MAX MAX MAX 10.00 16.00 2.00 1010°C
0.08 1.00 2.00 0.045 0.030 /14.00 /18.00 /3.00 /1150°C o
A 0.05 0.42 1.75 0.034 0.006 10.30 16.65 2.08 loeo°c Fipe:
: : ' : ) : : . x2hWQ $216.3 x 123 x 3000
BA 0.05 0.46 1.50 0.022 0.0005 13.15 16.35 221 loeo"c Sted! ar:
) ) ' ) ’ ' ) ' x10min WQ 25 x 1000
N 005 032 136 0040 0027 1025 1692 200 1050°C Sted! ar:
: : . ) ) : ) . x5min WQ $25 x 11000
p 006 050 166 0032 0002 1299 1630 208 1050°C Fipe:
: : : ) ) : ) ' x2hWQ $216.3 x 118.2 x 16000
R 0.05 0.30 1.38 0.035 0.025 10.00 16.84 2.02 10s0°C Stedl bar.
: : . : : : : : x5min WQ $25 x 1000
Table 2 Mechanical properties of type 316 stainless steel test specimens. _ = L Mmm N
[ | S | — | |
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Sp (MPa) (MPa) 0 (%)
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A 264 610 64.3 -
BA 216 563 61.7 i
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Fig. 4 Evauation flow of fatigue specimen.
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ecimen  Control Amplitude L oad Frequency 280
Sp P pattern  (Speed) IR
[o):::H
A < 100, 120, 140, 160, . ol N N N A B
™S 180,200,230 (MPg) "W z p I i a : ]
[e]
. = L : : : ]
BA stress 200, 230 (MPa) sine wave 2Hz o 240 I e — — B
N stress 230, 240, 250 (MPa) snewave  2Hz g I s o o ]
srain  0.25,028,034(%)  snewave  1Hz B 20 SR R W .
Z I RN | 5 3 ARk
5 stress 220 (MPa) snewave  1.7Hz g I 5o ‘
- - B 200 | A P e iR e B
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srain  0.40, 0.50 (%) snewave  1Hz 1000 10 10 10 10

687 as
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Fig. 3 Configuration of fatigue test specimen.

3. Resultsand Discussion

3.1 Resultsof thefatiguetest

Figure 5 shows the number of cycles to fracture obtained
in the fatigue test under stress control, while Fig. 6 shows
the same under strain control. As a result of the stress-
controlled test, BA materials with lower yield stress (0.2%

Number of Cycles

Fig. 5 Number of cycles to fracture of specimens in stress-controlled
fatigue.

proof stress) exhibited lower fatigue strength than other ma-
terials did. Materials other than BA exhibited about the same
fatigue strength as the fatigue strength of type 316 stainless
steel subjected to the rotary bending fatigue test.’® In the
strain-controlled test, material P, which exhibits lower tensile
strength, exhibited slightly lower fatigue strength than mate-
rialsN and R.

3.2 Resultsof themicrostructural observation

Figure 7 shows the result of TEM observation of mi-
crostructures after stress-controlled fatigue at stressamplitude
of 220MPa, while Fig. 8 shows it after strain-controlled fa-
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tigue at strain amplitude of 0.31%. Having been subjected to
solid solution heat treatment at temperatures above 1000°C,
the type 316 stainless steel exhibited fewer defects like dislo-
cations in the microstructure at the time of delivery (namely
with zero fatigue life ratio), and no precipitates.

At a fatigue life ratio of 1%, an increase in dislocations
was observed; the dislocations were locally clustered and en-
tangled. The dislocations were uniformly oriented in a grain.
The change in the microstructure due to fatigue was simi-
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Fig. 6 Number of cycles to fracture of specimens in strain-controlled
fatigue.

1um

(c) Fatigue life ratio: 25 %

lar to that observed in fatigue-based dislocation structuresin
austenite steel.'V As fatigue progressed, dislocations prolif-
erated, with the dislocation density becoming substantially
large at a fatigue life ratio of 100%. However, cell struc-
tures, which are frequently observed near a point close to
fractures after cycles are repeated,™) were not observed; ours
were maze-like rather than cell-like.

The comparison of microstructures at a fatigue liferatio of
1% between the stress- and the strain-controlled test revealed
a higher dislocation density with the strain-controlled test,
indicating that damage at an early stage of strain-controlled
fatigue was greater.

3.3 Resultsof positron annihilation lineshape analysis
Figure 9 shows the relationship between the fatigue life ra-
tio and the S-parameter for all stress-controlled fatigue speci-
mens subjected to stress amplitude of 200 MPa or more. The
change in the S-parameter shown in the Y-axis means the in-
crease in the value from standard materia (type 316 stainless
steel) with fatigue life ratio 0%. Figure 9(a) shows plots for
each material using stress amplitudes as parameters, while
Fig. 9(b) shows plots for each material using the ratios of
stress amplitude o to yield stress oy, of the material concerned
as parameters. The S-parameter increased with the fatigue
life ratio; the tendency of the S-parameter to increase did not
differ with stress amplitudes in the lower range (ratio to yield

; - |
(b) Fatigue life ratio: 1 % 1um

=

(d) Fatigue life ratio : 100 %

1pum

Fig. 7 TEM micrographs of stress-controlled fatigue specimens (Stress amplitude: 220 MPa).
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Fig. 8 TEM micrographs of strain-controlled fatigue specimens (Strain amplitude: 0.31%).
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Fig. 9 Relationship between fatigue life ratio and change in S-parameter in stress-controlled fatigue.

stress equal to or less than 0.9), but asharp increase in the S-
parameter occurred in the course of fatigue in a higher stress
amplitude range (ratio to yield stress equal to or more than
0.9). In both cases, the amount of change in the S-parameter
at the end of fatigue fell between 0.016 and 0.021.

Figure 10 shows the relationship between the stress ampli-
tude and the change in the S-parameter for material A sub-
jected to 10° cycles of fatigue at low stress amplitude. For

stress amplitude below 180 MPa, the S-parameter changed a
little, while it increased remarkably for stress amplitude ex-
ceeding 200 M Pa.

Figure 11 shows the relationship between the cycles and
the change in the S-parameter at low stress amplitude below
200 MPafor material A. For stress amplitude below 180 MPa,
the S-parameter tended to increase little with the cycles, while
at stress amplitude of 200 MPa, it exhibited a dlight tendency
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Fig. 10 Resultsof PA measurement of 10° cycles fatigued specimens.
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Fig. 11 Results of PA measurement of fatigued specimens with below
200 M Pa stress amplitude.
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Fig. 12 Results of PA measurement of fatigued specimens with mixed
stress amplitude.

to increase, though accompanied by variations.

For material N, Fig. 12 shows the relationship between the
fatigue life ratio and the change in the S-parameter in the
mixed fatigue test in which the fatigue due to stress ampli-
tude of 230 M Pawas mixed with fatigue due to another stress
amplitude value. The fatigue life ratio was arranged in the
form of ©N;/Njs according to Miner's law,*2 where N; de-
notesthefatigue life resulting from the independent repetition
of stress amplitude of o; and N; the number of cycles at the
stress amplitude of ;.
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Fig. 13 Comparison between fatigue with mixed stress amplitude and
fatigue with single stress amplitude.
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Fig. 14 Resultsof PA measurement in strain-controlled fatigue.

The figure also shows two cases in which the order of ap-
plying different stress levels was changed: in one of them,
the stress amplitude was decreased (from 230 to 200 MPa)
while in another the stress amplitude was increased (from
200 to 230MPa). Expressed using Miner’s law, the fatigue
life ratio in mixed fatigue did not depend on the combina-
tion of stress amplitudes; the S-parameter tended to increase
with the fatigue life ratio as in single stress amplitude. In
addition, changing the order of applying different stress am-
plitudes hardly changed the S-parameter.
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Figure 13 shows both the change in the S-parameter ob-
served with the mixed fatigue shown in Fig. 12 and the change
in the S-parameter in single stress amplitude for material N.
In the fatigue life ratio range between 40 and 50%, materials
subjected to mixed fatigue exhibited lower S-parameters than
those subjected to single fatigue; however, both showed about
the same tendency. These observations suggest the possibil-
ity of evaluating fatigue damage due to mixed stress on the
basis of the change in the S-parameter asin the case of single
stress amplitude if fatigue damage is expressed in the Miner’'s
law-based fatigue life ratio.

Figure 14 showsthe rel ationshi p between the number of cy-
cles made under the strain-controlled fatigue condition in the
range from 0.25 to 0.50% and the change in the S-parameter
and that between the fatigue life ratio and the change in the
S-parameter. Also, under the strain control condition, the
greater the strain amplitude was, the larger the amount of
change there was in the S-parameter associated with the num-
ber of cycles. The relationship between the fatigue life ratio
and the S-parameter was little affected by strain amplitude in
low strain amplitude range of 0.25to0 0.31%. The S-parameter
similarly increased with the fatigue life ratio. However, anin-
crease in strain amplitude (0.34% or more) tended to increase
the S-parameter in the course of the fatigue. In both cases, the
amount of change in the S-parameter at the end of fatigue fell
between 0.017 and 0.021.

When the relationship between the fatigue life ratio and the
S-parameter under strain control was compared with that ob-
tained under stress control, it was seen that the amount of
change in the S-parameter under strain control was higher at
the early stage of fatigue (for fatigue life range of 0.1 to 10%).
Asshown inthe TEM micrographs of the specimensin Figs. 7
and 8, the dislocation density of the strain-controlled speci-
men with 1% fatigue life ratio was greater than that of the
stress-controlled one. This suggests that the higher disloca
tion density of the strain-controlled specimen was due to a
greater degree of material damage at the early stage of fatigue
and it increased the S-parameter at the early stage of strain-
controlled fatigue.

The results described above suggest that, to estimate thefa-
tigue life ratio of a material on the basis of the S-parameter,
the evaluation method should be changed depending on
whether the fatigue applied to the material is stress- or strain-
controlled.

For stress-controlled fatigue in a stress range of 200 to
250 MPa, measurement of the S-parameter, though depend-
ing on the material fatigue strength, allowed the fatigue life
ratio to be estimated regardless of the stress amplitude. For
strain-controlled fatigue in a strain amplitude range of 0.25
to 0.31%, measuring the S-parameter alowed the fatigue life
ratio to be estimated regardless of the strain amplitude.

A comparison of these results with those obtained from the
observation of the microstructures shownin Figs. 7 and 8 sug-
gests that the increase in the S-parameter was related to the
increase in the dislocation density and to the entanglement of
dislocations. In other words, with the S-parameter sensitive
to microstructures such as the behavior of dislocations, it was
considered that an increase in the density of dislocations gen-
erated by fatigue increased annihilation sitesfor positrons and
thereby led to an increasein the S-parameter. The observation
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Fig. 15 Fatigue damage evaluation curve for low stress-controlled fatigue.
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Fig. 16 Fatigue damage evaluation curve for low strain-controlled fatigue.

of microstructures alowed actual structural conditions to be
observed in detail and moreinformation to be obtained. How-
ever, it is a destructive method and does not allow for easy
guantitative evaluation. On the other hand, positron annihila-
tion lineshape analysis provides a non-destructive method that
allows microstructural changes to be captured as variations of
the S-parameter.

On the basis of the above discussion, we used positron an-
nihilation lineshape analysis to observe Doppler broadening.
The observation was made through the S-parameter’s behav-
ior accompanying the evolution of fatigue under variousstrain
amplitudes (from 0.25 to 0.50%) and stress amplitudes (from
100 to 270MPa) in type 316 stainless steel. We confirmed
that thistechnique enabled the degree of fatigue damage to be
evaluated.

3.4 Fatigue damage evaluation method

Evaluating the degree of fatigue damage of actual plant
material requires that master curves for the S-parameter to
the degree of damage (fatigue life ratio) be prepared in ad-
vance. Though the relationship between the S-parameter and
the fatigue life ratio differed according to whether the fatigue
was stress- or strain-controlled, the relationship was indepen-
dent of the amplitude for fatigue under lower stress amplitude
(with o/oy = 0.9 or less) or under lower strain amplitude
(from 0.25 to 0.31%). It was also observed in the stress-
controlled fatigue that, when the degree of fatigue damage
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was expressed as fatigue life ratio according to Miner’s law,
even mixed fatigue exhibited the same relationship as in the
case of single stress fatigue.

Taking into account the conclusions of the above discus-
sion, the master curves for evaluating the degree of fatigue
damage in these amplitude ranges are shown in Fig. 15, for
stress-controlled fatigue, and in Fig. 16, for strain-controlled
fatigue.

For the evaluation of afatigue life ratio as an index of the
degree of fatigue damage of actua plant material, the master
curve to be applied should be selected according to whether
the fatigue applied to the portion to be evaluated is stress-
controlled fatigue arising from stress like a change in inter-
nal pressure and vibration or strain-controlled fatigue arising
from thermal stress or the like. By determining the fatigue
liferatio corresponding to the change in the S-parameter mea-
sured by the method described above, the degree of fatigue
can be evaluated.

The correlation coefficients between the master curves
and measured values of the S-parameters were 0.979 for
stress-controlled fatigue and 0.979 for strain-controlled fa-
tigue, while the unbiased variance of the S-parameter was
2.00 x 107 for stress-controlled fatigue and 8.42 x 10~ for
strain-controlled fatigue.®

4. Conclusions

Positron annihilation lineshape analysis, noted as a non-
destructive technique, was applied to eval uate fatigue damage
in type 316 stainless steel, widely used for piping in nuclear
power stations. The possibility of evaluating fatigue damage
was experimentally investigated. The study results are sum-
marized below:

(1) The measurement of type 316 stainless steel fa
tigue specimens using positron annihilation lineshape anal-
ysis shows that the amount of change in the S-parameter
increases with the fatigue life ratio. The tendency differs
depending on the fatigue control method; the amount of
change in the S-parameter under strain-controlled conditions
starts rising at an earlier stage of fatigue than under stress-
controlled conditions.

(2) Therelationship between the fatigue life ratio and the
S-parameter in stress-controlled fatigue is little affected by
the stress amplitude in a low stress amplitude region with a
ratio of stress amplitude to yield stress of 0.9 or less; in are-
gion with aratio of stress amplitude to yield stress of 0.9 or
more, however, the S-parameter tends to increase remarkably

in the course of fatigue evolution. For strain-controlled fa-
tigue, the relationship between the fatigue life ratio and the S-
parameter is little affected by the strain amplitude in aregion
with strain amplitude of 0.31% or less; for strain amplitude
as high as 0.34 to 0.50%, however, the S-parameter increases
rapidly in the course of fatigue. In both stress-controlled and
strain-controlled fatigue, the S-parameter comes to a value
between 0.016 and 0.021 at the end of fatigue.

(3) For fatigue due to mixed stress, the relationship be-
tween the S-parameter and the fatigue life ratio becomes the
same as in single stress when the degree of fatigue damage
is expressed using the fatigue life ratio according to Miner's
law.

(4) In the range where the stress amplitude is low (ratio
of o/oy not more than 0.9) or in the region where the strain
amplitude is low (not more than 0.31%), the S-parameter in-
creases monotonically with the increase in the fatigue life
ratio independently of the amplitude. Therefore, it is possi-
ble to evaluate the degree of fatigue damage independently of
the stress or the strain amplitude by applying the S-parameter
measured through positron annihilation lineshape analysis to
the master curves.
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