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ABSTRACT Ultrasonic methods used in the study of radiation damage and recovery in 
single crystals appear to also be useful for similar studies on polycrystalline alloys. 
Ultrasonic methods have demonstrated a sensitivity to radiation damage as affected by 
neutron fluence, irradiation temperature, large changes in composition, and possibly, as well, 
by neutron energy spectrum. On the microstructure defect evolution, only the residual 
defects created through the radiation event will contribute to the final macroscopic material 
property change. From a microstructure point, it is generally accepted that radiation 
hardening and embrittlement in metals are caused by clusters of vacancies, interstitial, and 
solute atoms that impede the motion of slip dislocations. Although vacancy-type defects are 
a major contributor to the material hardening, they also indicate the presence of other 
interstitial defects. Thus the total volume change of vacancy-type defects before and after 
irradiation can serve as a direct index to the final material property changes. The volume 
change of the vacancy-type defects can be determined by u t i l i g  the two-phase composite 
model (matrix and void-type inclusion) to interpret wave velocities of baseline and irradiated 
specimens that are obtained from the ultrasonic wave experiment. This is a relatively 
economic and straightforward procedure. The correlation of the volume change of the 
vacancy-type defects with the existing destructive mechanical test results may play an 
important role in the fiture for the prediction of the radiation embrittlement and remaining 
plant lifetime, especially for the older plants on the verge of exhausting all the available 
mechanical test specimens loaded in the surveillance capsules. The above hypothesis was 
supported by the limited irradiated data analyzed and presented in this paper. The proposed 
ultrasonic methodology also has a potential application to assess creep damage in fossil 
power plants. 

‘Research Staff Member, Computational Physics and Engineering Division,- Oak 
Ridge National Laboratory, Oak Ridge, Tennessee 3783 1. 



KEYWORDS: radiation embrittlement, ultrasonic, nondestructive, vacancy cluster, two- 
phase composite, power reactor, pressure vessel steels 

INTRODUCTION 

It is well known that the fluxes of energetic neutrons and fission fiagments in 
neutron chain reactors can displace sigdicant numbers of atoms and thus alter physical and 
mechanical properties D]. From a microstructure point, it is generally accepted that 
radiation hardening and embrittlement in metals are caused by clusters of vacancies, 
interstitial, and solute atoms that impede the motion of slip dislocations. The degree of 
embrittlement is conventionally correlated with fast neutrons or with total displacement per 
atom (dpa). The radiation embrittlement of reactor pressure vessel (RPV) materials depends 
on many different factors, primarily flux, fluence, neutron energy spectrum, irradiation 
temperature, preirradiation material history, and chemical compositions [a. These factors 
must be considered to reliably predict the pressure vessel embrittlement and to ensure the 
safe operation of the reactor. Intensive studies have been and are being made to determine 
the parameters which seem to affect sensitivity to radiation embrittlement. 

The aging and degradation of light-water-reactor (LWR) pressure vessels is of 
particular concern because of their relevance to plant safety and the magnitude of the 
expected irradiation embrittlement. The decrease of ductility in PRV materials is a direct 
consequence of irradiation hardening and embrittlement. Irradiation hardening can result 
in increase of yield and ultimate strengths, but decrease of ductility. Radiation damage of 
structural components would undoubtedly contribute to doubts against extending lifetime 
of power reactors. Changes in material properties are monitored by periodic testing of RPV 
surveillance specimens. Thermal annealing of reactor vessels may require additional testing 
to ensure the effectiveness of such treatments. There are only limited surveillance specimens 
loaded in the irradiated capsules, especially, for some older plants which may already be on 
the verge of exhausting all the available surveillance specimens. Therefore, it is essential to 
make the best use of the limited surveillance materials. Hence, there is a considerable 
benefit to be able to conduct nondestructive tests on the same surveillance specimen 
repeatedly and still be able to characterize the material properties of the reactor pressure 
vessel. The combination of the ultrasonic techniques and analytical methods will allow the 
determination of material moduli, strength, and toughness, and will provide a nondestructive 
approach to characterizing the initial states of materials and their degradation or 
modification due to exposure to service environments. 

Ultrasonic methods, used in the study of radiation damage and recovery in single 
crystals E], appear to be useful for similar studies on polycrystalline alloys. Ultrasonic 
methods have demonstrated a sensitivity to radiation damage as affected by neutron fluence, 
irradiation temperature E], large changes in composition, and possibly, as well, by neutron 
energy spectrum. Ultrasonic methods offer further advantage of helping to define the nature 
of recovery mechanisms due to a theoretical differing ultrasonic response behavior between 
interstitial and vacancy-type defects r6.71. 



RADIATION DAMAGE INDEX 

Irradiation effects, or damage, on the physical, thermal, chemical and mechanical 
properties of nuclear reactor materials with time and other factors can greatly influence the 
reactor design, operation, performance, and safety in engineering applications. The change 
in these properties is attributed to the crystal (lattice) defects produced chiefly by neutron 
irradiation during reactor operation. The crystal defects induced by radiation on nuclear 
materials not only depend on the neutron flux, energy spectrum, irradiation time, and 
irradiation temperature, but also on the crystal structure, impurity atoms, alloying elements, 
heat treatment, etc. From the residual defects point, only the point defects that survive from 
the bulk recombination and in cascade recombination can contribute to the final mechanical 
property changes; the residual defects strongly depend on the material properties and 
irradiation environments, such as chemistry composition, heat treatment, irradiation 
temperature, and neutron spectrum. 

From a microstructure point, vacancy clusters are thought to be responsible for more 
strengthening than are interstitial clusters at a given temperature and damage rate w. 
Vacancy clusters, such as dislocation loops, voids, and stacking fault tetrahedra, are strong 
obstacles to the movement of dislocations and, therefore, may determine the material 
hardening [E]. Currently, copper is considered as one of the primary contributors to the 
radiation embrittlement of the low alloy steel. Copper and other face center cubic (fcc) 
metals compositions are believed to stabilize vacancy-type defects in irradiation material 

From a mechanics point, the overall material properties, such as bulk modulus and 
shear modulus, depend on the properties of individual material components. Ifthe volume 
or the property of the component undergo a large transformation, this component will 
definitely play a dominant role in the final overall material property change. The formation 
of the vacancy-type defect is such a candidate due to the dramatic change of material 
property in the matrix by forming a new phase with zero mass. Whereas for interstitial 
clusters, which generally have similar atomic numbers as that of a matrix, the sensing of 
change in material property may not be as great as that of vacancy clusters. 

On the microstructure defect evolution, all the residual defects created through the 
radiation events will contribute to the final macroscopic material property changes. The 
residual defects in materials due to neutron-induced displacement damage are a fbnction of 
neutron energy, neutron flux, and exposure temperature, as well as the material properties 
that determine how neutrons interact with atoms and how defects interact within the 
material. Vacancy cluster is a major contributor to the material hardening at higher 
temperatures and lower displacement rates, for example, at a commercial power reactor 
environment E]. Thus fiom microstructure and mechanics points, vacancy-type defects not 
only can be considered as a major contributor to the material hardening, but also indicate 
the co-existence of other precipitates, such as copper. Furthermore, the total volume 
change of the vacancy-type defects may serve as a direct index to the final residual defects 
by taking into account the spectral effect, rate effect, and temperature effect, in addition to 
the material properties, implicitly. Therefore, the total volume change of the vacancy-type 
defects contained in the irradiated material may serve as a direct index to the radiation 
embrittlement. 

ri 1-151. 



The volume change of the vacancy-type defect will serve as an important index to 
the radiation damage, and its correlation to the mechanical test results may play an 
important role in the future, especially for older plants on the verge of exhausting all the 
available mechanical test specimens loaded in the capsule of a RPV. The volume change of 
the vacancy-type defects can be determined by utilizing the two-phase composite model 
(matrix and void-type inclusion) to interpret wave velocities of baseline and irradiated 
specimens, obtained fiom the ultrasonic wave experiment. The detailed description of this 
proposed methodology is stated in the following sections. 

TWO-PHASE COMPOSITX MODEL 

Background of Composites 

A composite material consists of a number of distinct homogeneous phases that form 
regions large enough to be regarded as continua and that usually bond together at the 
interface. Many natural and artificial materials are of this nature, such as some rocks (for 
example, sandstone), filled polymers, mortar, concrete, precipitate, porous and cracked 
media, etc. The development of mathematical models for composite materials is an 
extremely complicated and difficult task because of the large number of factors on which 
the behavior ofthe composite depends, such as phase factors [16-181, composition factors 
[19-211, and operational factors E]. In order to develop a rigorous model for a composite, 
these factors must be under control, either by means of a particular model describing their 
influence or by suitable assumptions. 

From a practical point of view, two kinds of information determine the properties 
of a composite material: the internal phase geometry r23] (i.e., the phase interface geometry) 
and the physical properties of the phase (i.e., the constitutive relation of these); the former 
is far more difficult to dassie than the latter. Since the early 1960s, there has been much 
work on the elastic properties of heterogeneous materials [24-271. Much of this work is of 
a fimdamental nature and provides a sound basis for understanding and discussing the 
properties of aggregates and composites. Due to the complexity of composite materials, the 
exact analytical theory needs detailed modeling of the various factors, such as interfacial 
phenomena, debonding and contacting inclusions, and phase geometry, etc. The modeling 
of these factors is not always available, and then the effective bounds are usually too wide 
for practical application. For engineering purposes, a more practical and general model is 
desired. The modified direct method was developed to meet the above requirements [a]. 
Modified Direct Method 

Two important assumptions are usually made when treating the macroscopic elastic 
properties of composite materials: statistical homogeneity and statistical isotropy [a. For 
the problem to be workable, a necessary characteristic of a composite material is statistical 
homogeneity. This assumption essentially means that large enough subregions of the 
composite are statistically identical with the whole sample. The most frequently considered 
subregion of the multiphase medium is the two-phase composite in which one phase may 



be regarded as matrix in which arbitrarily shaped inclusions of other phases are embedded. 
The effective properties of a composite material, when their space variation is statistically 
homogeneous, define the relations between averages of field variables, such as stress and 
strain. The evaluation of an average elastic modulus of a composite material or polycrystals 
is one of the classical problems in micromechanics. The pioneering works have been done 
by Voigt and Reuss. The computation of effective properties in terms of the average is 
called the direct approach. In general, it requires determination of the appropriate fields in 
the phases as defined by the field equations, interface continuity conditions, and external 
homogeneous boundary conditions in order to compute the required average. 

The modifled direct method B] is a scheme for the estimation of elastic moduli of 
composite materials and is based on micromechanical theory and classical elasticity. Using 
the statistical homogeneous assumption and the two-phase composite approach, one takes 
the average field of the composite. The spherical shape inclusion is the mean geometry of 
inclusions with a range of spectrum of arbitrary shapes, and is used in the analysis. In ref 
28, comparison of modified direct method with experimental data and with other well- 
known methods, such as Christensen-Lo, Kuster-Toksoz, and the self-consistent method, 
shows that the modified direct method provides a very good estimation of the elastic moduli 
in different kinds of problems, such as the soft and hard inclusion cases, porous materials, 
at various concentrations and/or various porosities. 

Based on the theoretical derivations in the modified direct method for the 
composites, the effective moduli, j and e, for the isotropic materials, can be written as 

For small concentrations, E and can be written as 

- (15K + 20p)p - ( 4 p + 3 K )  
4p +3K* 

a =  Y P =  
(9K + 8p)p + (6K + 12p)p*  

where p and p* are the shear moduli for the matrix and inclusion, respectively. K and K' are 
the bulk moduli fo? the matrix and inchion, respectively, and c, is the concentration of the 
inclusion. 

For materials with a high concentration of inclusion or high porosity, the concept of 
an infinite matrix in the composite domain cannot be used. Instead, a finite subdomain 
containing the inclusion lumped and originating at a central position, maintaining the same 
volume ratio as in the original composite material, was used in the modified direct method. 
These subdomains are evenly distributed throughout the whole domain. The derived 
effective stifhesses can be written as 



where 3 can be written as 

- & f =  l + ( l - R ) ( E - l )  = - a ( 1 - R ) + R  

and R is defined as the modification factor, and can be written as 

(1.38K + 0.88p)c2) '( 3 
b' - P> 3K + 4p 

The Relation Between Acoustic Velocities and Elastic Modulus 

The elastic properlies can be determined by measuring the acoustic velocities, V' 
(compression wave) and Ys (shear wave), in a sample specimen. Once the wave speeds 
and density are known, then the elastic moduli can be determined directly from the 
following relations: 

where p is mass density. The Young's modulus E and the Poisson's ratio v can be 
determined as follows: 

3K - 2p E =  9 K p  , v =  
3K+p 6K + 2p 

The experimental apparatus used to measure the wave speeds of the sample specimens 
is depicted in Fig. 1, which contains a block diagram of the experimental set-up. The 
system is composed of a pulsed oscillator, digital oscilloscope and Carver press, wave 
switch box, transmitter and receiver transducer, data acquisition system, mini computer, 
and plotter. The input signals are provided by a pulse generator for velocity 
determinations. A delay line incorporated in the oscilloscope is used for travel time 
measurements. 

Interpretation of Radiation Damage by Ultrasonic Waves and Two-Phase Composite 
Model 

The total volume change of vacancy-type defects before and after the irradiation can 
be used as a primary index to the radiation damage. Therefore, the overall radiation damage 
to the material can be estimated through the proper calibration of total volume change of 
vacancy-type defects. 
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FIG. 1--Ultrasonic experimental set-up. 

The original unirradiated sample can be defined as the matrix, and the post-irradiated 
sample can be defined as a two-phase composite, which includes the orighal matrix plus the 
void-type inclusions (the vacancy-type defects generated through neutron radiation event). 
Based on this two-phase composite model and applying Eqs 1-6 to analyze wave velocities 
for both unirradiated and irradiated samples obtained fiom the ultrasonic waves experiment, 
the quantity of the total volume change of vacancy-type defects before and after irradiation 
can be determined. 

A preliminary analysis of Trantow's ultrasonic data on 304 stainless steel w, which 
incorporated a two-phases composite modeling, shows that the estimated total volume 
change of vacancy-type defects increased with increasing neutron fluence, as illustrated in 
Fig. 2. These analytical ultrasonic test results demonstrated a very similar trend as that 
obtained fi-om the destructive mechanical test results; namely, increased embrittlement 
damage with increased fluence. This trend demonstrates the potential of using the proposed 
new parameter (total volume change of vacancy-type defects) for evaluating neutron 
damage in typical low-alloy RPV steels. 

Furthermore, Fig. 2 clearly indicates that the defects generation rate of vacancy-type 
defects are strongly dose dependent, that is at relative low dose the damage production rate 
of vacancy-type defects is small. This stage can be analogous to the incubation or 
nucleation stage, where after a certain threshold dose, the defects production start to take 
0% in analogy to the growth stage. 

Currently, dpa is used as a measure of the potential to create point defects. It is not 
necessarily equal to, or even proportional to, the actual number of residual point defects. 
Clearly, a complete and accurate description of microstructural development during 
irradiation has not been attempted and seems to be beyond the present state-of-the-art. 
However, a better correlation parameter for radiation embrittlement can be expected 
through the upgraded dpa that incorporates the concepts of residual defects. 
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FIG. 2--Plot of total volume change of vacancy-type defects vs fluence. 

CONCLUSION 

This paper has demonstrated the feasibility of using ultrasonic nondestructive 
measurements and analytical techniques to characterize the primary parameter of radiation 
damage. The correlation of the analytical ultrasonic test results (volume change of the 
vacancy-type defects) with the existing destructive mechanical test results may play an 
important role in the fhture for the prediction of the radiation embrittlement and remaining 
plant lifetime. Moreover, the linear and nonlinear characteristics of the ultrasonic testing 
techniques also have potential applications to assess creep damage in fossil power plants 
and fatigue damage in structural components, and to estimate damage of structural 
members in components of the nation’s infrastructures during service (such as bridges). 



Furthermore, the new integrated analytidexperimental ultrasonic testing technique will 
enable in-situ monitoring of material property changes during service. Then it will be 
possible to carry out inexpensive, faster, and more comprehensive assessments of both 
material quality and structural integrity. 
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