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ABSTRACT 
 
Cast austenitic stainless steel (CASS) that was commonly used in U.S. nuclear power plants is a 
coarse-grained, elastically anisotropic material. The engineering properties of CASS made it a 
material of choice for selected designs of nuclear power reactor systems. However, the fabrication 
processes result in a variety of coarse-grain microstructures that are difficult to inspect ultrasonically, 
largely due to detrimental effects of wave interactions with the microstructure. To address the 
inspection needs, new approaches that are robust to these phenomena are being sought. However, 
overcoming the deleterious effects of the coarse-grained microstructure on the interrogating ultrasonic 
beam will require knowledge of the microstructure and the corresponding acoustic properties of the 
material, for potential optimization of inspection parameters to enhance the probability of detecting 
flaws. The goal of improving the reliability and effectiveness of ultrasonic inspection of CASS 
specimens can therefore potentially be achieved by first characterizing the microstructure of the 
component. The characterization of CASS microstructure must be done in-situ, to enable dynamic 
selection and optimization of the ultrasonic inspection technique. This paper discusses the application 
of ultrasonic measurement methods for classifying the microstructure of CASS components, when 
making measurements from the outside surface of the pipe or component. Results to date demonstrate 
the potential of ultrasonic and electromagnetic measurements to classify the material type of CASS 
for two consistent microstructures—equiaxed-grain material and columnar-grain material.  
 
 
INTRODUCTION 
 
Cast austenitic stainless steel (CASS), which was commonly used in U.S. nuclear power plants, is a 
coarse-grained elastically anisotropic material. CASS components are typically cast to a near net 
shape of the final component dimensions. Statically CASS (SCSS) components are typically large and 
the sand-cast mold insulates the solidified metal. A coarse-grain material results from the slower 
cooling rate and the microstructure’s not being refined. A rotating casting mold is used during 
centrifugally CASS (CCSS) piping fabrication. Microstructure and macrostructure (which includes 
the homogeneity of the microstructure, texture for direction-dependent features, and residual stresses 
[1]) are affected by material chemistry, mold and metal temperatures, metal pour rate, cast rotation 
rate, and mold vibration [2-4]. The grain shapes and sizes in CASS components can be highly 
variable, depending on the casting methods and processes [5]. Potential grain shapes include columnar 
dendritic, planar, cellular, cellular dendritic, and equiaxed dendritic [6-8]. Further, variation of grain 
shapes and sizes radially by layer (banding) and with axial position is possible. In addition, significant 
delta ferrite content is possible in CASS components. 

In general, in coarse-grained materials, acoustic wave propagation is a function of the 
microstructure, frequency, and wave mode 2 [6, 9-13]. Depending on the frequency (or, equivalently, 
wavelength) and mode of the acoustic wave, a range of behaviors may be observed in all of the grain 
structures in CASS components.  
 
 
………………………………….. 
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For instance, equiaxed grain structures will typically result in attenuation, scattering, and beam 
distortion, and will be largely independent of the angle of incidence [14]. On the other hand, in 
columnar (transversely isotropic) grains, the result is dependent on the incidence angle relative to 
preferred grain orientation. Waves propagating along the preferred orientation direction will be 
minimally attenuated. Beam redirection and partitioning may take place depending on the mode used 
and the direction of initial propagation. Transverse to the columns, the material behaves as an 
equiaxed material. Lower frequencies, where wavelengths are large compared to the mean grain size, 
tend to have the lowest attenuation because the material-ultrasonic wave interaction is in the quasi-
Rayleigh regime. 

Several researchers have investigated the various phenomena inherent in acoustic wave 
interaction with anisotropic coarse-grained materials such as CASS. Theoretical studies based on the 
use of both semi-analytical models and simulation models have been performed with a view to 
understanding the behavior of ultrasonic wave propagation in coarse-grained materials such as CASS 
(for instance, [8, 13, 15-19]). Phenomena that have been documented include beam deviation or skew 
(for instance, [6, 9, 11-12, 19]); phase distortion of the acoustic wave front (for instance, [13, 20-21]); 
and attenuation (for instance, [12, 22]). A detailed discussion of acoustic wave behavior in coarse-
grained anisotropic materials, particularly CASS, along with a comprehensive bibliographical listing 
of relevant literature, is presented in Ramuhalli et al.2  

The phenomena discussed above have a deleterious effect on the ultrasonic signal from CASS 
specimens. These phenomena make reliable and effective ultrasonic inspections of CASS materials 
using current techniques extremely challenging [6-7, 11, 23]. To address the inspection needs, new 
approaches that are robust to these phenomena are being sought. However, overcoming the effects of 
the coarse-grained microstructure on the interrogating ultrasonic beam will require knowledge of the 
microstructure and the corresponding acoustic properties of the material, for potential optimization of 
inspection parameters to enhance the probability of detection of flaws. The goal of improving the 
reliability and effectiveness of ultrasonic inspection of CASS specimens can potentially be achieved 
by first characterizing the microstructure of the component 3 [6, 11, 24]. This paper discusses two 
acoustic measurement techniques, namely ultrasonic velocity ratios and diffuse field ultrasound, for 
classifying the microstructure of CASS specimens into one of two distinct microstructural classes—
purely equiaxed and purely columnar. 

 
 

ULTRASONIC MICROSTRUCTURE CHARACTERIZATION METHODS 
 
Anisotropy in materials such as CASS can arise from texture/structure (grain size and orientation), 
composition variations and contamination, stress, or deformation. Texture anisotropy appears to have 
the highest impact on ultrasonic wave propagation, followed by stress [25]. The anisotropic nature of 
CASS materials can significantly impact ultrasonic wave propagation in the material, depending on 
the choice of the wave mode used. Longitudinal (L) wave probes are commonly used due to issues of 
ray skew, backscatter, and attenuation inherent to vertically polarized shear (SV) waves when used in 
coarse-grain material or strongly textured material. However, the use of shear waves, while relatively 
uncommon in these materials, may provide additional information for microstructural 
characterization. Specifically, measurements of shear wave speed may contain sufficient 
discriminatory information to enable classification of microstructure into two or more classes. 
Ultrasonic wave speed is a fundamental material property that is dependent on material density and 
microstructural variations. Wave propagation speed in isotropic homogeneous materials is a constant 
that depends on the wave mode. However, in anisotropic and heterogeneous materials, the wave speed 
depends on the wave mode, propagation angle (anisotropy), and spatial location (heterogeneity). 
Typically, longitudinal wave and horizontally polarized shear wave sound speeds vary a relatively 
small percentage as a function of orientation with respect to the crystal axes [9, 12].  
 
 
………………………….. 
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The vertically polarized shear wave sound speed, however, varies by a large percentage as a function 
of orientation with respect to the crystal axes [11-12].  

Ultrasonic velocity ratios make use of wave speed, which has been correlated to microstructural 
parameters such as grain size in polycrystalline materials [26], annealing and degree of 
recrystallization [27-28], precipitation and precipitation hardening [27, 29], degree of cold work [26], 
residual stress and texture [27], and sensitization [30]. The measurement of wave speed (particularly 
for small specimens) can be difficult, and methods for reliable measurement are needed. Wave speed 
measurements for multiple wave modes (longitudinal and shear) are often used to determine time-of-
flight ratios, which are then correlated to the microstructural parameters [22, 27]. The use of ratios 
removes dependency on specimen thickness or variations in path length. Further, wave speed 
measurements at several frequencies (so-called ultrasonic spectroscopy) have been proposed for 
material characterization [31]. 

Diffuse field measurements are related to the phenomenon of ultrasonic wave scattering at grain 
boundaries. When a material is insonified with ultrasonic energy, acoustic impedance mismatches at 
the grain boundaries result in a portion of the energy being scattered before returning to the receiving 
transducer. At times that are large when compared to the first direct reflection [32], the behavior of 
the scattered energy satisfies a diffusion equation and the resulting field measurement is referred to as 
the diffuse field measurement. Multiple scattering is typically considered in any diffuse field 
theoretical development [33]. However, the diffuse field measurement is a stochastic quantity due to 
the random nature of the multiple scattering [34]. Ramamoorthy et al. [35] provide an analytical 
(parametric) solution to the 2-D diffusion equation in a slab with rectangular cross-section as: 
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Here, l and p are the length and thickness of the specimen (the width is assumed to be very large 
in comparison to the length and thickness, enabling the application of a 2D approximation). The 
transmitting transducer position is given by (x0,y0), the receiving transducer is placed at (x,y), E0 is the 
initial energy deposited at time t = 0, D is the ultrasonic diffusivity measured in units of length 
squared per time, and σ is the dissipation (measured in units of inverse time). E(x,y,t) is the ultrasonic 
spectral energy density. This equation may be used, along with the measurements, to estimate the 
diffusivity and dissipation if the other quantities are known. 

Diffuse field measurements have been proposed for a range of characterization applications, 
from rocks [36-37] to polycrystalline metals [14, 38-39]. Diffuse field measurements have been 
applied in the experimental characterization of high-scattering materials with random structure such as 
cement-based materials [40] and have been shown to correlate with crack length in concrete [35]. 
Diffuse fields have also been studied in polycrystalline media [41]. These studies present both 
theoretical development of diffuse field theory and some experimental verification of the diffuse field 
phenomenon. Similar measurements for semi-solid materials (such as slurries) have also been 
conducted, with diffusion parameters recovered from the data [42]. In all cases, the key parameters 
that are computed from the diffuse field data are the diffusivity and dissipation. These quantities 
depend on factors such as the grain size and the frequency, which also influence the peak arrival time 
of the diffuse field energy at the receiving transducer. While these (and other similar) studies have 
shown the diffuse field phenomenon in highly scattering anisotropic materials, there appears to be 
little effort in the characterization of material microstructure from diffuse field data.  

This paper gives experimental assessments of microstructure characterization velocity ratios 
(via time-of-flight ratios) and diffuse field parameters. An overview of the experimental approach and 
data analysis methods and results is given. Additional details of the experimental approach and data 
analysis methods used are documented in Ramuhalli et al. [22, 43]. All of the measurements were 
conducted on an assortment of PNNL samples that had been previously used in PNNL studies [44] as 
well as for Action 4 of the Programme for the Inspection of Steel Components III (PISC III) [45]. The 
PISC III specimens consisted of a welded pipe section with a girth circumferential weld joining two 
pipe sections of equiaxed-grain and columnar-grain material, respectively.  



A stamped label uniquely identified each specimen. Five specimens (consisting of a total of five 
material volumes of equiaxed-grain material and five volumes of columnar-grain material) were used 
to obtain ultrasonic measurements, with the measurement locations selected to avoid edge effects and 
any surface anomalies. 

 
 

MICROSTRUCTURAL CHARACTERIZATION CASE STUDIES 
 
Time-of-Flight Ratio 
 
The first parameter measured was a time-of-flight ratio of a normal incidence shear wave to that of a 
normal incidence longitudinal wave (TOFRSL). A TOFRSL measurement was selected because the 
technique eliminates the need to have thickness data that typical sound speed measurements require. 
 
TOFRSL Experimental Setup 
 
Two transducer locations were selected from each specimen, with one for the equiaxed material and 
the other for the columnar material. Surface anomalies such as gouges were detected by visual or 
tactile inspections and marked. Selected transducer locations were centrally located within the 
respective material type to avoid edge effects and surface anomalies were avoided. The TOFRSL 
experimental setup used a square-wave pulser (RITEC model SP-801), broadband receiver (RITEC 
model BR-640), diplexer (RDX-2), a LeCroy oscilloscope, and two ultrasonic transducers to generate 
normal incidence, shear waves, and longitudinal waves. Both were Olympus NDT, Panametrics 
unfocused 500-kHz transducers—model V391 [2.86-cm (1.125-in.) diameter, longitudinal wave 
transducer] and model V151 [2.5-cm (1.0-in.) diameter, shear wave transducer]. An ultrasonic 
couplant gel and a 3–5-minute-setting epoxy (DOUBLE/BUBBLE® Hardman® Structural 
Adhesives, Royal Adhesives & Sealants, LLC, Belleville, New Jersey) were respectively used as 
longitudinal wave and shear wave couplants with the transducer applied directly to a selected location 
on the outer diameter surface. The BNC connector of the shear-wave transducer was oriented parallel 
to the pipe specimen axes to maintain a consistent shear wave polarization with respect to the 
specimen and microstructure. The shear-wave measurement was acquired approximately 50 minutes 
after mixing the epoxy. 
 
TOFRSL Data Analysis and Results 
 
Ten TOFRSL values, one for equiaxed material and one for columnar material in each of the five 
specimens, were estimated. A zero-crossing technique was used to determine TOF measurements. 
Corresponding zero-crossing features were used for the back surface response and the second 
occurrence of the back surface response of the longitudinal wave to measure the time interval. The 
shear wave TOF measurement was the time interval between the ultrasonic trigger and a zero-crossing 
feature from the back surface response. This was due to poor signal quality of the second occurrence 
of the back surface response. Figure 1 presents the calculated TOFRSL value for all of the specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 



TOFRSL Results 
 
The TOFRSL data show a cluster of values around 1.6 for columnar-grain material and another 
cluster around 2.0 for equiaxed-grain material, with no overlap between the two classifications. 
Furthermore, the separation between the mean values of the two classifications (1.62 and 2.02 for 
columnar and equiaxed microstructures, respectively) was large relative to the standard deviation of 
either classification (0.04 and 0.05 for columnar and equiaxed microstructures, respectively). 
 

 
Figure 1 - Estimated TOFRSL Measurements 

 
The estimated values were offset relative to expected TOFRSL values of 1.4 and 1.7 for columnar-
weld metal and equiaxed-grain material reported by Kupperman et al. [11]; however, this may be a 
result of differences in microstructural properties between the specimens used in the two studies. 
Overall, the TOFRSL values appear to provide a nondestructive means to classify CASS material as 
either equiaxed-grain or columnar-grain material based on a simple threshold criteria. However, 
additional measurements are needed to demonstrate repeatability and generality.  
 
Diffuse Fields 
 
The experimental setup for measuring ultrasonic diffuse fields used two transducers in pitch-catch 
mode. The transmit transducer was a 6.35-mm (0.25-in.)-diameter KBA contact transducer with a 
center frequency of 2.25 MHz. The receive transducer was a Valpey-Fisher broadband microprobe 
with an effective bandwidth up to 2.5 MHz. The two transducers were placed in contact with the outer 
surface of the specimen at a separation distance of 76.2 mm (3 in.), with a thin layer of ultrasonic gel 
couplant to ensure proper coupling of energy to the specimen. An HP arbitrary waveform generator 
was programmed to output a 500-mV, 6-cycle tone burst, with the operating frequency varied 
between 1.9 and 2.2 MHz. The resulting tone burst was applied to the transmit transducer. The 
microprobe was used to record the resulting acoustic/material interaction over a time period of 9.75 
milliseconds. The signal from the microprobe was amplified using two Panametrics preamplifiers 
(model 5660B) in cascade (with a total gain of 100 dB), and 256 consecutive waveforms were 
averaged to minimize the effect of electronic noise. In addition, a low-pass filter with a cutoff 
frequency of 6.025 MHz was applied to remove any high-frequency noise. Because the highest 
frequency of the tone burst is 2.2 MHz (and the bandwidth of the microprobe is less than 3 MHz), it is 
unlikely that the low-pass filter impacts the useful signal component of the measurement. A LeCroy 
(model WaveRunner 64Xi) digital oscilloscope was used to perform the averaging and filtering, and 
to digitize and save the signals. The averaged signal was sampled at 250 MHz, and the samples 
exported to the MATLAB software package (Version R2009b) for analysis. 

The instrument settings for the pulser, receiver, preamplifiers, and diplexer were held constant 
throughout the experiment. In particular, the tone-burst amplitude (500 mV) and the gain on the 
preamplifiers were held constant regardless of whether the material being inspected was columnar or 
equiaxed. This enables a direct comparison of the measurement data from each region. 
 
 
 
 
 
 
 



Diffuse Field Data Analysis 
 
An examination of the measurements indicated that the ultrasonic energy in equiaxed specimens 
decays faster than that in columnar specimens. This could be a manifestation of higher attenuation 
(and potentially higher diffuse field dissipation) in the equiaxed microstructures. To enable a 
quantitative comparison, the following processing steps were used: 
 
1. Signal Extraction:  This step identified the location of the trigger from trigger information 

saved using the oscilloscope, and truncated the measurement to remove the pre-trigger portion 
of the data.  

2. Down-sampling:  The resulting signal was down-sampled [46] by a factor of 10, effectively 
using every tenth sampled point and resulting in an effective sampling rate of 25 MHz. This 
step was applied due to limitations on available computer memory. Because the highest 
frequency component of the measurement is under 3 MHz, no information is lost from down-
sampling.  

3. Energy Computation:  The energy in the signal was extracted by squaring the measurement and 
low-pass filtering the result [35]. The cut-off frequency for the low-pass filter [46] was selected 
to be 12 kHz based on the stability of the energy data with respect to the cutoff frequency.  

4. Parameter Estimation:  The diffusivity and dissipation were estimated by approximating the 
specimen as a rectangular slab, and fitting Eqn. (1) to the measured energy data from Step 3 
[35]. The unknown parameters were assumed to be the diffusivity D and dissipation σ. The 
specimen dimensions and the position of transmit and receive transducers were used in the 
curve-fitting procedure. The summations in the equation were truncated to 75 terms each (i.e., n 
= 1,2,...,75 and m = 1,2,...,75). A nonlinear least-squares minimization algorithm [47] was used 
to fit the analytical function to the measured data and estimate the diffusivity and dissipation.  

5. Frequency Analysis:  Each step above was performed for data from each of four frequencies.  

 
Figure 2 shows an example of the analytical function fit to the experimental diffuse energy 

measurement. Data from one columnar and one equiaxed region (obtained at a tone-burst frequency of 
2.2 MHz) are presented in the figure. Small differences in the (fitted) peak arrival time are observed, 
indicating a difference in the diffusivity and dissipation. Table 1 shows the dissipation and diffusivity, 
for five columnar regions and five equiaxed regions, at four frequencies (1.9 MHz, 2.0 MHz, 2.1 
MHz, and 2.2 MHz).  

 

 
Figure 2 - Curve Fit Results for diffuse field measurements at 2.2 MHz. 



Discussion 
 
As seen from the results, measurements from equiaxed specimens have generally higher diffusivity 
and higher dissipation, which will result in faster arrival times when compared to the data from 
columnar regions. This is likely indicative of the random orientation of grains in equiaxed 
microstructures, resulting in more uniform mode conversion to shear modes in all directions and 
greater dissipation as a result. Note that the dissipation is generally expected to increase with 
frequency [48] (because absorption and attenuation increase with frequency). The dissipation factors 
estimated from the measurements show this trend in most of the specimens examined. Similarly, 
diffusivity is generally expected to decrease with increasing frequency. Again, the diffusivity 
estimates are seen to trend in the anticipated direction for most specimens. Overall, the diffuse field 
measurements appear to show potential for discriminating between the different microstructures 
considered in this study. 

Data from one equiaxed specimen (B517) were not within the expected range of equiaxed 
measurements. There is also some variability in the estimated diffuse field parameters, as seen from 
Table 1. It is possible that these are a consequence of potential variations in the microprobe contact 
with the specimen, or the presence of large flaws in the specimen. The use of procedures to determine 
the variance in the estimated parameters [49] will also help determine the accuracy in the diffuse field 
parameter estimates and determine whether the observed trending in the parameters (as a function of 
frequency) is accurate.  

 

Table 1 - Diffusivity and Dissipation Tabulated as a Function of Frequency 

  Diffusivity (m2/s) Dissipation (1/s) 

Frequency (MHz) 1.9 2 2.1 2.2 1.9 2 2.1 2.2 

B510 3.96 3.79 3.79 3.70 228.01 246.51 270.76 279.06 

B516 3.51 3.73 3.59 3.23 143.11 168.46 188.80 194.07 

B517 3.96 4.15 4.10 3.99 202.73 212.57 231.76 233.23 

B518 3.77 3.50 3.34 3.33 289.14 311.61 318.86 312.27 

B527 3.68 3.59 3.29 3.01 226.26 228.66 266.32 311.11 

Avg. 3.78 3.75 3.62 3.45 217.85 233.56 255.30 265.95 

C
o

lu
m

n
ar

 

Std. Dvn. 0.19 0.25 0.33 0.39 52.61 52.35 48.42 51.47 

B510 4.88 4.36 4.04 4.41 426.72 481.27 551.31 522.96 

B516 5.15 5.37 5.32 5.07 210.41 234.18 278.91 302.54 

B517 3.76 3.88 3.99 3.96 208.58 210.71 217.79 226.74 

B518 4.12 3.72 3.61 3.72 355.11 370.74 398.42 414.40 

B527 3.71 4.19 4.54 4.67 540.84 494.06 460.43 457.59 

Avg. 4.32 4.30 4.30 4.37 348.33 358.19 381.37 384.84 

E
q

u
ia

xe
d

 

Std. Dvn. 0.66 0.65 0.66 0.54 143.01 133.13 134.79 119.39 

 
 



CONCLUSIONS 
 
The goal of improving the reliability and effectiveness of ultrasonic inspection of CASS specimens 
can potentially be achieved by first characterizing the microstructure of the component. This study 
presented an evaluation of ultrasonic wave speed and diffuse ultrasound measurements for classifying 
CASS microstructure into two classes – purely equiaxed and purely columnar. Experimental results 
indicated that these measurements have the potential for correctly identifying the microstructural 
class. However, additional measurements on CASS materials that may be more representative of 
microstructures encountered in operating plants are needed to confirm these results. Acoustic wave 
propagation in equiaxed-grain materials also depends on the texture and related degree of anisotropy 
[50-51]. Such preferred orientation will impact scattering and energy diffusion. It is unknown at this 
time how this may impact the discrimination capability of these acoustic measurement methods. 
Several variables used in the calculations in this study (such as the specimen dimensions used in the 
diffuse field calculations) may not be known precisely in a field setting. Some experimental variables 
such as the ultrasonic coupling must also be controlled carefully to obtain reliable measurements of 
time-of-flight and diffuse field energy. Finally, it may be more useful in a field setting to compute the 
parameters relative to known microstructures to enable in-situ classification of grain structure. 
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