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Abstract 

This paper presents recent results from an ongoing project at the Idaho National Engineering Labora- 
tory (INEL) to develop advanced nondestructive methods to characterize the aging degradation of nuclear 
power plant pressure boundary components. One of the advanced methods, positron annihilation, is being 
developed for in situ characterization of fatigue damage in nuclear power plant piping and other compo- 
nents. This technique can detect and correlate the microstructural changes that are precursors of fatigue 
cracking in austenitic stainless steel components. In fact, the initial INEL test results show that the method 
can detect fatigue damage in stainless steel ranging from a few percent of the fatigue life up to 40 percent. 

Introduction 

Quantitative life estimates for nuclear power plant components expected to remain in service for long 
periods of time are not available from experience. Therefore, appropriate destructive and nondestructive 
testing and monitoring methods are needed for better estimates of remaining life, especially for the major 
safety-related components of nuclear power plants that require a substantial capital expenditure for replace- 
ment. But, the amount of information that can be obtained from destructive testing is limited because of the 
limited number of surveillance specimens traditionally placed in nuclear power plants, the small size of any 
samples that can be removed from operating equipment or structures, and the limited amount of archive 
material available. Therefore, advanced nondestructive examination techniques are needed that can detect, 
correlate, and predict the microstructural changes that are precursors of the aging degradation of interest. 

Nondestructive examination techniques have traditionally been used to detect and characterize macro- 
scopic fabrication flaws such as weld voids, cracks, etc. A number of these technologies are highly devel- 
oped but are not particularly suitable for measuring microstructural changes (e.g., ultrasonics and eddy 
current techniques). However, one nondestructive examination technique, positron annihilation, has shown 
potential for detecting, correlating, and predicting the microstructural changes associated with fatigue dam- 
age in nuclear power plant components. 

In the remaining sections of this paper, we discuss first the microstructure changes associated with 
fatigue damage in steels, the principles of positron annihilation, some previous fatigue measurements made 
in the laboratory with positron annihilation techniques, and then our recent measurements made at the INEL 
with field portable positron annihilation sensors. When evaluating the efficacy of various nondestructive 
examination techniques for measuring material damage in aged nuclear power plant components, three 
questions should be answered (Lapides, 1994): 

Is there a measurable material microstructural precursor for the aging degradation of interest? 

Can the microstructural changes be detected, correlated, and used for productive purposes? 



0 Can the detection technologies be made field portable, Le., consistent with the access and operational 
limits at nuclear power plants? 

We believe that ourresults provide a positive answer to all three of these questions. 

Microstructural Changes Associated With Fatigue Damage 

Fatigue is defined by ASTM (1 972) as: 

“The process ofprogressive localized permanent structural change occurring in a material subjected to 
conditions which produce fluctuating stresses and strains at some point or points and which may cul- 
minate in cracks or completefracture after a fficient number of fluctuations.” 

Progressive implies a time or usage process. Localized implies that the fatigue process operates at 
local areas rather than throughout the component. These local areas can have high stresses and strains due 
to material defects, abrupt changes in geometry, or other reasons. 

It is known that fatigue, in general, occurs in four stages: (1) early fatigue damage, (2) fatigue crack 
initiation, (3) fatigue crack growth, and (4) fracture. Most structural metals are polycrystalline and thus con- 
sist of a large number of individual ordered crystals or grains. The early fatigue damage generally consists 
of dislocations, dislocation loops, and vacant lattice sites, which accumulate into slip bands of dislocations 
within the grains (Fuchs 1980). Some grains are oriented such that the planes of easy slip are in the direction 
of the maximum applied shear stress. Slip occurs in ductile metals within these individual grains by the 
dislocations moving along the crystallographic planes. This creates an appearance of one or more planes 
within a grain sliding relative to each other (Fuchs 1980). 

The progressive nature of slip band development has been observed (Kennedy 1963). Initially, only a 
few slip bands are present in a few grains. As the fatigue cycling continues, rn. ., slip bands are observed in 
the grains with planes of easy slip in the direction of the maximum applied shear stress, and more grains 
with slip bands are observed. Additional fatigue cycling creates more slip bands and also causes the slip 
bands to thicken. Most of the slip bands are on the component surface or on grain boundary surfaces and are 
not deep, but some are deep and are called “persistent slip bands.” 

Microscopic fatigue cracks generally grow from the persistent slip bands which intersect the compo- 
nent surface or the grain boundaries in the plane of the naximum shear stress range (Forsyth 1969). As 
cycling continues, the microscopic fatigue cracks tend to coalesce and grow along planes of maximum ten- 
sile stresses. Crack initiation occurs when a microscopic crack grows to a detectable size or when several 
microscopic cracks join and form a detectable crack. 

Early fatigue damage in either of the two forms (crystal defects or microscopic cracks) is not detect- 
able by standard nondestructive evaluation methods. These methods are capable of detecting a crack only 
after it reaches a significant size, that is, a crack initiation stage. 

PrinciDles of Positron Annihila+;-.n 

Positron annihilation is a method that employs positrons from a radioactive source (22Na, 68Ge, or 
58C0) to detect the presence of changes in the materials’ microstructure caused by irradiation, cyclic loads, 
or other stressors (Nishiwaki et al., 1979; Hautojarvi, 1979; Gauster et al., 1978; Van Den Avyle et al., 1989; 
Hughes, 1980). Positrons from 58C0 generated in the material during neutron irradiation can also be 
employed to detect the microstructure changes. A positron, a form of antimatter, is a charged particle equal 
in mass to an electron with a positive charge equal in magnitude to the negative charge of the electron. Upon 
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injection into metal, positrons rapidly lose most of their kinetic energy by collisions with ions and free elec- 
trons. An energetic positron injected into a solid is slowed down to thermal energies within about 10 ps 
(1 ps = s). Upon thermalization, the injected positron diffuses away from the point where it thermal- 
ized, until it finally annihilates with an electron. During this diffusion process, the positrons are repelled by 
positively charged nuclei and thus seek defects such as dislocations in the lattice sites, where the concentra- 
tion of nuclei is smaller. A thermalized positron has a typical mean velocity of -lo5 m/s (Hughes, 1980). 
The balance between the diffusion rate (after thermalization) and the annihilation rate of thermalized posi- 
trons is such that on average each positron has time to diffuse just a few tens of a micrometer from its point 
of thermalization. Typical mean lifetime and total distance travelled by a thermalized positron before it 
annihilates with an electron are 200 ps and -20 pm, respectively (Hughes, 1980). The distance (-20 pm) 
travelled after thermalization encompasses about lo5 lattice sites, so there is a good chance that the positron 
will encounter a defect and be trapped, even if the defects are present at quite a small concentration 
(10 parts per million of defects ensures that on average there is one defect for every IO5 lattice sites) 
(Hughes, 1980). 

When a positron encounters an electron, it results in complete annihilation of both particles, and their 
mass is converted into pure energy in the form of two, or occasionally three, gamma rays. If the positron and 
the electron with which it annihilates were both at rest at the time of decay, the two gamma rays would be 
emitted in exactly opposite directions (180 degrees apart), in accordance with the principle of conservation 
of momentum. And, each annihilation gamma ray would have an energy of 0.5 11 MeV, the rest energy of 
an electron and of a positron (Hautojarvi, 1979; Allen et a]., 1988). In fact, however, nearly all the positrons 
are essentially at rest, but the electrons are not. The momentum of the electrons determines the momentum 
of the annihilating pairs and causes the direction of the gamma rays to deviate from the nominal value of 
180 degrees. Likewise, the energy of the annihilation gamma rays deviates slightly from 0.5 11 MeV, 
depending on the momentum of the electrons, because of the Doppler effect. 

Three characteristics of positrons and the radiation that they emit upon annihilation with electrons 
make the positron annihilation method useful for detecting the presence and size of microscopic flaws in 
metals. First, their positive electrical charge causes them to be repelled by protons. This characteristic 
accounts for their attraction to dislocations, vacant lattice sites, vacancy clusters, cavities, and other open 
volumes (voids) in the metal, where the density of atomic nuclei is lower. Thus, a small increase in the 
number or size of the microscopic defects in a sample results in a large increase in the proportion of anni- 
hilation events occurring in the defects. 

Second, the annihilation radiation is sensitive to the momentum distribution of the electrons with 
which positrons annihilate. Defects contain a higher ratio of free electrons to core electrons than perfect 
metal. This phenomenon can be explained by the tendency of free (conduction) electrons to spill over into 
the defect more than core electrons. Core electrons have a higher linear momentum than do free electrons. 
Thus, gamma rays from annihilation events involving free electrons are more likely to approximate the 
energy (0.5 1 1 MeV) and direction (1 80 degrees) typical of gamma rays produced by events involving posi- 
trons and electrons at rest. These characteristics make it possible to detect the presence of defects from the 
energy spectrum of the gamma ray emissions and from the spectrum of angles of deviation from 
180 degrees. 

Third, because the density of electrons is lower in defects than in perfect metal, the mean lifetime of 
thermalized positrons trapped in defects is longer than those diffusing in perfect metal. Within a few pico- 
seconds after the positron is injected into the metal, the nucleus (in source) emits an energetic 1.28-MeV 
gamma ray (assuming a 22Na source) that serves as a birth signal, (Hautojarvi, 1979). The lifetime of the 
positron can be measured as the time elapsed between the birth and annihilation gamma rays. Thus, mea- 
surement of positron lifetimes can also be used to indicate the presence of defects in the metal. 
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Measurement of the gamma ray angles (angular correlation), energy spectrum (Doppler broadened 
line-shape), and positron lifetime will determine whether the positrons are interacting with free electrons at 
defects or core electrons in the pure metal. Those measurements are illustrated in Figure 1 (Schultz and 
Snead, 1990). Figure la illustrates measurement of the distribution of angles between two annihilation 
gamma rays about the nominal value of 180 degrees. This deviation from collinearity between two 
0.51 1-MeV annihilation gamma rays is a product of the momentum of the annihilating electron. Less devi- 
ation from collinearity indicates the presence of defects. The electron momentum also produces a Doppler 
shift in the 0.5 1 1 -MeV gamma annihilation radiation, and this shift can be seen in an accurate energy mea- 
surement of one of the two gamma rays emitted by an individual annihilation, as illustrated in Figure lb. 
With a Doppler broadened line-shape measurement, the distribution of the annihilation gamma ray energies 
about the nominal energy of 0.5 1 1 MeV is measured. Less deviation from the nominal 0.5 1 1 MeV energy 
value indicates the presence of defects. With positron lifetime measurement, the distribution of time 
between a fiducial gamma ray emitted from the source when the positron is ejected and the annihilation 
gamma rays is measured, as shown in Figure IC. Longer lifetimes indicate the presence of defects. 
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FIG. 1 .  The three most common experimental positron techniques for measuring (a )  and (b)  electron 
momentum and (c )  positron life-time, from Schultz and Snead (1990). When positrons trap in defects, there 
is a reduced overlap with energetic core electrons, leading to narrowing of the momentum (a)  or y ray 
(b) spectra and to a longer life time (c). 

Doppler Broadened Line-Shape Measurements of Fatigue Damage 

Figure 2 shows schematically a typical positron annihilation measuring system with a 22Na source. 
The data are in the form of gamma ray counts versus gamma ray energy. A parameter S, as defined in Fig- 
ure 2, is used to measure the gamma spectrum width (line-shape). S equals the ratio of the number of isunts 
in Region A to the total number of counts under the curve. An increase in the value of S signals more defects. 

Several laboratory studies have been conducted to develop correlations between fatigue damage and 
positron annihilation measurements, as indicated by the spectrum line-shape parameter S. Nishiwaki et al. 
(1979) studied fatigue cycling of Type 304 stainless steel at room temperature and a constant stress 



0 
Source 

Ge or G d L i )  
Detector 

Linear 
Amplifier 

+ 
Biased 

Amplifier 

T 

Multi - Channel Analyzer 

System 511 'keV 
Resolution 

FIG. 2. Typical experimental system for measuring positron annihilation gamma rays, from Schultz and 
Snead (1990). The line-shape parameter most commonly used is S,  defined in the figure. 

amplitude of 295 h4Pa (43 ksi) and plastic strains of 0.2 to 0.4%. The microhardness was also measured as 
a function of the number of fatigue cycles. Figure 3a shows the microhardness and volume percentage of 
martensite versus the number of cycles. The increase in microhardness with fatigue cycling corresponded 
with an increase in dislocation density as observed by transmission electron microscopy (TEM). As shown 
in Figure 3b, the measured shape parameter S increased monotonically up to about 10,000 cycles, at which 
point the specimen failed. However, the measured positron lifetime data saturated after only about 
100 cycles. 

Gauster et al. (1978) carried out a fatigue investigation of Type 3 16 stainless steel, measuring the anni- 
hilation line-shape using positrons from a sandwiched 22Na source. Figure 4 shows the results of low- and 
high-cycle fatigue testing of Type 3 16 stainless steel at strain amplitudes of f 0.9% and f 0.3%, respec- 
tively (Gauster et al., 1978). These data suggest that the fatigue life at which the positron annihilation effect 
saturates is a sensitive function of strain amplitude. At the high strain amplitude of f0.9%, saturation 
occurred after only 10 cycles. The fust complete cycle at high strain typically resulted in an increase in 
dislocation density from an annealed value of 8 X 10-*/cm2 to 7 X 109/cm2. Additional cycling results in 
a further increase in dislocation density and changes in the substructure. At about 10 cycles, the structure 
broke into persistent slip bands of dislocations. For the remainder of the sample life (after 10 cycles), dis- 
location density and the line-shape parameter appeared to remain essentially constant. However, the persis- 
tent slip bands changed into dislocation cells, which stabilized after several hundred cycles. After 
370 cycles, dislocation cells formed throughout the stainless steel. Cycling to failure (approximately 



I 

I 

3700 cycles) did not result in any further change in cell size or shape, but lattice mismatch between adjacent 
cells accumulated. 
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FIG. 3. Variation of microhardness and volume percentage of marto ?e (a)  and posit?-on annihilation S 
parameter (b) with fatigue cycling, from Nishiwaki et al. (1979). Note 'wrt the S parameter in Figure 3(b) 
is defined digerently than it is in Figure 2 .  

Figure 4 also shows that, for the low strain amplitude of f 0.3%, increase in the line-shape param- 
eter as a function of number of fatigue cycles was more gradual than at nigh strain amplitude. Failure did 
not occur even at 47,143 cycles of low strain because that was only about 1/3 to 1/2 of the expected fatigue 
life. The comparison presented in Figure 4 suggests that saturation, as indicated by the line-shape 
parameter, occurs at a higher percentage of fatigue life at lower strains. 

DeveloDment of Field Portable Positron Annihilation Measurement Techniaues 

Although positron annihilation measurements have been successfully used in the laboratory tc: ,.lea- 
sure the fatigue of typical nuclear power plant materials, the technique has not been commercialized. There 
are a number of reason? for this including the fact that it is difficult to put a positron source and a gamma ray 
detector inside a reacter pressure vessel or inside the primary coolant system piping. Also, positron anni- 
hilation g m :  rays are potentially subject to interference from the rdioactivity in or on the component to 
be examined. Also, positrons from 22Na or 68Ge sources only penetrai,, about 20 pm or 170 pm or less into 
steel, so this is primarily a near surface measurement technique. And, positron annihilation techniques can 
saturate at large defect concentrations. 



The fvst problem (putting a source and a detector inside the reactor pressure vessel or primary coolant 
piping) was solved by noting that there already are sufficient s8C0 produced positrons present during refuel- 
ing shutdowns. The s % ~  is produced during normal operation of a nuclear power plant and is deposited on 
the primary coolant system surfaces and fixed in the approximately 0.1 micron corrosion layer. The 58C0 is 

I I I I I I 1 I I 1 

32.50 - 
32.00 - 
31 50 - 

c 31.00 - 

- 
<I --c - 

P 

m r 

C 
-I 
.- 

- 
- 

27.50 - - 
I I I I I I I I I 

0.1 1 10 100 1000 10,000 

Fatigue cycles 

FIG. 4. Positron annihilation lineshape parameter as aficnction of number of fatigue cycles at two diferent 
cyclic strain amplitudes for Type 31 6 stainless steel fatigued at room temperature, from Gauster et al. 
(1978). The point with arrow to left corresponds to 0 cycles; point with arrow to right corresponds to 
47,143 cycles. 

also embedded throughout the reactor pressure vessel wall adjacent to the reactor. A gamma-ray spectrum 
for the Peach Bottom coolant piping is shown in Figure 5. This spectrum was measured from the outside 
through about 2.5 cm of piping wall thickness during a refueling shutdown and indicates that the 58C0 posi- 
tron annihilation peak at 0.5 11 MeV is measurable. An expanded view of the 0.5 1 1 MeV peak is shown in 
Figure 6. The gamma spectrometry system used at Peach Bottom was not optimized for measuring the s8C0 
positron annihilation peak, however, good results were obtained. So, we concluded that it is possible to 
make positron annihilation measurements of the fatigue damage at or near the inside surfaces of the primary 
coolant piping at nuclear power plants. Also, it appears that interference from the other radioactivity in or 
on the primary coolant piping will not be a problem. 
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FIG. 5. Gamma-ray spectrum for the Peach Bottom coolant piping shows that the positron annihilation 
peak is measurable. 

It is noted that positrons from the 58C0 fixed to the insides surfaces of the primary coolant piping will 
only penetrate about 200 pm or less into the wall. However, microscopic fatigue cracks generally grow from 
persistent slip bands which intersect a surface. And, the experience in the nuclear industry to date indicates 
that the highest loads are on the inside of the coolant piping and that is where fatigue cracks have started. So, 
we will be measuring in the correct location if we use the 58C0 positrons naturally available during refueling 
shutdowns. 
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FIG. 6. Expanded view of the 511 -keVpeak through 2.5 cm of steel. 
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The remaining issue, saturation of the positron annihilation techniques can only be evaluated through 
additional experiments with appropriate fatigue samples. Therefore, we built fatigue specimens using typical 
nuclear grade material. The fatigue specimens were strain cycled with loadings representative of the loadings 
expected in certain components (e.g., the PWR surge and spray lines) during normal nuclear power plant 
operation. Specifically, the Type 304 stainless steel fatigue specimens were tested at room temperature under 
strain controlled conditions according to ASTM Standard E 606-92. The strain range was 0.66% ( f 0.33%) and 
the pseudo stress range was about 194 h i .  The specimens were tested at 17 cycles per minute using a triangular 
waveform. Three specimens were tested to failure, which was determined to be an average of 39,8OO cycles. The 
remaining specimens were tested to a predetermined fraction of the cycles to failure, namely 1,5,10,20,40, and 
80 percent of the fatigue life (there were 398 strain cycles in each one percent of the fatigue life). 

The fatigue specimens were coated with 58C0 concentrations (nominally 2pCi/cm2) similar to those 
found on piping in commercial nuclear power plants after 5 to 10 years of operation. The 58C0 was electro- 
deposited on one side of the fatigue specimens to assure that the activity was evenly deposited. The side 
with the electrodeposited was exposed to air so that the positrons not injected into the fatigue speci- 
men would annihilate at distances of many centimeters from the detector. A plate with a thickness similar 
to nuclear power plant piping was placed between the fatigue specimen and the detector. This geometry is 
similar to the power plant situation except that the positrons released towards the inside of the power plant 
piping will disperse and annihilate in water rather than air. Tests will be performed in 1996 to assess the 
effects of water relative to air. The primary components of the detector system were a high-resolution, 
hyperpure germanium detector and a multichannel analyzer system. The biased amplifier noted in Figure 2 
was not used since it was not required and may introduce instabilities in the peak shape. 

The results of these tests are shown in Figure 7 and 8. Figure 7 is a plot of normalized counts (relative 
number of gamma-rays released by positron annihilation) versus energy. As expected, the plots are centered 
on the 0.511 MeV energy level and the no-fatigue curve is broader, with a lower peak, than the low-fatigue 
curve and the low-fatigue is broader and has a lower peak than the high-fatigue curve. The reduction in the 
Doppler broadening due to fatigue damage can be represented by the S parameter as shown in Figure 8. The 
S parameter monotonically increases as the fatigue damage increases until it saturates at about 40% of the 
fatigue life at the specimens. Positron annihilation measurements on specimens subjected to different cyclic 
strain ranges and different temperatures need to be performed to further determine the applicability of this 
technique in the field. 
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FIG. 7. Positron annihilation (511-keV) peak shape for samples with high, low, and no fatigue damage. 
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FIG. 8. S parameter versus amount of fatigue damage. 
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