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ABSTRACT 

A sound field beam mapping exercise was conducted to assist in understanding the effects of coarse-

grained microstructures found in cast austenitic stainless steel (CASS) materials on acoustic longitudinal 

wave propagation. Ultrasonic laboratory measurements were made on three specimens representing four 

different grain structures. Phased array (PA) probes were fixed on each specimen surface and excited in 

the longitudinal mode at specific angles while a point receiver was scanned in a raster pattern over the end 

of the specimen, generating a transmitted sound field image. Three probes operating at nominal 

frequencies of 0.5, 0.8, and 1.0 MHz were used. A 6.4-mm (0.25-in.) thick slice was removed from the 

specimen end and beam mapping was repeated three times, yielding four full sets of beam images. Data 

were collected both with a constant part path for each configuration (probe, specimen and slice, angle, 

etc.) and with a variable part path (fixed position on the surface). The base specimens and slices were then 

polished and etched to reveal measureable grain microstructures that were compared to the sound field 

interactions and scattering effects seen in the collected data. 

 

 

INTRODUCTION 

The Pacific Northwest National Laboratory (PNNL) has been involved with  nondestructive examination 

(NDE) of coarse-grained materials for over 30 years [1, 2]. Earlier laboratory work included application of 

the low-frequency synthetic aperture focusing technique (SAFT), followed more recently by phased array 

ultrasonic evaluations, also performed at low frequencies [3]. This sound field beam mapping exercise was 

conducted to better understand PA beam propagation in coarse-grained materials [4] by characterizing the 

beams as captured at various spatial positions in CASS specimens. The beam characterization includes 

such features as redirection away from the theoretical position in terms of skew and refracted angles, and 

the materials’ effect on beam coherence. The information obtained from the ultrasonic data images will be 

related to the observed and quantified grain microstructures in the specimens. Preliminary data are 

presented in this paper. 

 

 

CASS SPECIMENS 

Three specimens representative of vintage CASS material used in the nuclear industry [5] were evaluated. 

Specimen B-519 consisted of a pipe section with equiaxed microstructure welded to a pipe section with 

columnar microstructure. Slices cut from each end of the welded pipe specimen were polished and etched 

to reveal the grain structures as shown in Figure 1. The two sides of the specimen were denoted B-519E 

and B-519C for equiaxed and columnar grains, respectively. Both sides of this specimen were evaluated in 

the sound field mapping activity. The other two specimens are marked AAD-2 and AAD-3. The AAD-2 

pipe segment has a predominately columnar grain structure and the AAD-3 pipe segment is mixed 

columnar and equiaxed as shown in Figure 2. Dimensions of the specimens are given in Table 1. The full 

pipe dimensions are given in the OD (outer diameter) and ID (inner diameter) columns while the Extent 

columns list the actual dimensions of the specimens. 

 

                                                   
1
 The work was sponsored by the U.S. Nuclear Regulatory Commission under U.S. Department of Energy Contract 

DE-AC05-76RLO1830; NRC JCN N6398; Mr. Wallace Norris, Program Monitor. 
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Figure 1 – Grain structure of columnar B-519C (left) and equiaxed B-519E (right) 

 

 
 

Figure 2 – Grain structure of banded specimens AAD-2 (left) and AAD-3 (right) 

 

Table 1 – Measurements of specimens used in the study in mm (in.) 

 

 
OD, mm (in.) ID, mm (in.) 

Extent, mm (in.) 

Thickness Circ. Axial 

AAD-2 730.25 (28.8) 601.1 (23.7) 64.6 (2.5) 362.2 (14.3) 310.9 (12.2) 

AAD-3 965.2 (38.0) 797.6 (31.4) 83.3 (3.3) 285.5 (11.2) 207.0 (8.1) 

B-519E 
845.8 (33.3) 

729.0 (28.7) 58.4 (2.3) 
174.6 (6.9) 141.7 (5.6) 

B-519C 723.9 (28.5) 61.0 (2.4) 

 

 

DATA ACQUISITION AND SETUP 

Data were acquired with a ZETEC DYNARAY Lite system running UltraVision software. The three PA 

probes used to generate focused sound in the specimens were designed to operate at center frequencies of 

0.5, 0.8, and 1.0 MHz and are displayed in Figure 3. The figure shows the probes in their standard transmit 

receive longitudinal (TRL) mode. However, in this application, only the transmit probe was used to 

generate the sound fields that were then mapped. Each transmitter contained ten elements in the primary 

axis (forward or axial direction) and five in the secondary axis (lateral or circumferential direction). 
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Figure 3 – Phased array probes with center frequencies of 0.5, 0.8, and 1.0 MHz, left to right. The scale is 

in cm units. 

 

Data were acquired with both absolute and relative types of probe positions with respect to the end 

of the specimen, subsequent to removal of each 6.4-mm- (0.25-in.-) thick slice of material. The first type 

(absolute) maintained a fixed probe position on the specimen throughout the entire experiment (variable 

beam path). This allowed for mapping of the beam as it formed and propagated through the specimen, as 

schematically shown on the left in Figure 4. The dashed lines represent the slices of material removed 

from the specimen end. The second type of positioning (relative) was held at a constant beam path. In this 

method, after the removal of each slice of material, the probe was moved back from the edge of the 

specimen, keeping the same beam focus on the end of the specimen (shown in the right side of Figure 4). 

This position enabled examination of focused sound field variations through different material in the same 

specimen. 

A reference or fiducial point transducer (pinducer) was placed in a small notch located axially in the 

center of the ID of each specimen as shown in Figure 5, on the left. This pinducer had a collimator 

attached to it to keep its sound field from broadcasting over a large area and interfering with the PA sound 

field of interest. The pinducer response as seen in the right side of Figure 5 was captured in the data 

images of the sound fields of interest. Measurements such as beam redirection could then be made with 

respect to this fiducial.  

Ultrasonic data were acquired at refracted angles of 35 to 70 degrees in 5-degree increments and at 

four skew angles. A projection-focus style was used and created a focus in the vertical plane 

corresponding to the end of the specimen. The pinducer was raster scanned over the end of the specimen 

in an area approximately 5 mm (0.2 in.) below the fiducial, to as close to the top of each specimen as 

possible in the vertical, or index, axis and ± 45 mm (1.8 in.) on each side of the center line in the scan, or 

horizontal, axis. A representative scan area is drawn on the specimen in Figure 5, left side. Data were 

acquired at scan and index increments of 0.5 mm (0.020 in.).  
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Figure 4 – Absolute or variable beam path probe position with respect to the end of the specimen on 

the left. Relative or constant beam path probe position is shown on the right. The dashed lines represent 

slices removed from the end of the specimen. 

 

 
 

Figure 5 – Fixed fiducial pinducer on the left and data image with fiducial response on the right 

 

 

PRELIMINARY RESULTS 

A large set of data was generated in this study. Data images for four material types, eight refracted angles, 

four skew angles, three probes, two probe positions, and three slices of material for four ends were 

acquired; approximately 1500 data files in total were acquired. Thus far, preliminary analyses have been 

performed on only a small subset of this data to explore the merits of different analytical approaches 

before applying them globally. Specifically, data from the 500-kHz and 1.0-MHz probes and at two skew 
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angles were selected for initial studies. 

 

 

MICROSTRUCTURAL ANALYSIS 

At the completion of ultrasonic data acquisition, the four specimen ends and three slices from each 

specimen (total of 16 surfaces) were polished and etched to reveal the existing microstructures. The intent 

is to characterize the specimens’ microstructures and relate this information to beam distortion, such as 

redirection and dispersion. In the AAD-3 specimen, bands were first highlighted in different colors to 

enhance and segregate the various regions. The results are displayed in Figure 6 on the left. Then the 

individual grains, as outlined on the right of Figure 6, were characterized by size and orientation.  

 

 
 

Figure 6 – Outline of etched grains found in one band of AAD-3 

 

An edge detection algorithm run in the MATLAB software assisted the analyst in outlining and 

characterizing the grains in each end face of the specimens (Figure 7). Using a high-resolution camera, 

each specimen was photographed, and the area representing ±45 mm (1.8 in.) from center in the horizontal 

direction was loaded into MATLAB. Due to the complexity of the grain images, not all of the grain 

boundaries were detected by the algorithm. Some images required additional manual touchup to 

emphasize grain boundaries before the software could identify and process them. 

 

 
 

Figure 7 – Outlined banded grains (right) from high-resolution image (left) 

 

Using the boundary information obtained within MATLAB, the average and maximum grain size in 

the circumferential and radial directions were easily extracted for each defined area. This information will 

be correlated to the scattering and redirection of the sound field through each set of material, increasing 

the understanding of scattering effects with respect to frequency, refracted angle, probe skew, and grain 

structure in various CASS materials. Table 2 lists the mean grain size measurements for each specimen as 

well as the grain elongation. A range is given for the mean grain size and elongation on the AAD 
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specimens since they represent multiple grain types. 

 

Table 2 – Mean grain dimensions and elongation of the examined specimens 

 

 Mean Grain Size (mm [in.]) Elongation 

(radial/circ.)  Radial Circumferential 

B-519E 1.5 [0.06] 1.5 [0.06] 1.0  

B-519C 6.7 [0.26] 2.5 [0.10] 2.7  

AAD-3 

1.3–9.0 [0.05–

0.35] 1.6–6.2 [0.06–0.24] 0.7–2.3 

AAD-2 

1.7–5.2 [0.07–

0.21] 1.5–5.3 [0.06–0.21] 0.9–1.8 

 

In addition to the characterization of the specimen microstructures by mean size and elongation, as 

listed in Table 2, it may be beneficial to overlay the ultrasonic data on the mapped grain boundaries as 

displayed in Figure 8 for a columnar microstructure. This provides a qualitative look at the sound field 

interaction with grain boundaries. The usefulness of this tool is still being explored.  

 

 
 

Figure 8 – Example of columnar grain outlines overlaid on sound field image data 

 

 

SOUND FIELD LOCATION ANALYSIS 

Preliminary beam redirection measurements compared the theoretical and experimental beam centers as 

seen in Figures 9 and 10, where the beam centers from the absolute position (variable beam path) data 

were compared on specimen cuts 0–2 for both the 0.5-MHz and 1.0-MHz probes. The specimens 

examined were B-519E (Figure 9) and AAD-3 (Figure 10) at a refracted angle of 65° and a skew angle of 

0°. The B-519E data were acquired with a projection focus at 30 mm (1.18 in.) while the AAD-3 data 

were acquired with a projection focus at 20 mm (0.79 in.). The data compared favorably for the equiaxed 

material while the banded grain structure of specimen AAD-3 led to more significant redirection, 

particularly in the 1.0-MHz data set. There are only two points for the 1.0-MHz data as the beam moved 

out of the field of view on the final slice in the specimen. An increase in beam scattering and redirection is 

expected with increasing probe frequency and material grain sizes. These limited data sets show the finer-

grained equiaxed material displaying less displacement than the larger-grained AAD-3 specimen. The 

equiaxed material is also less affected by the increased probe frequency (0.5 to 1.0 MHz).  
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Figure 9 – Theoretical and experimental sound field positions for data acquired at an absolute probe 

position on Specimen B-519E with a 65° refracted angle and a 0° skew angle. The 0.5 MHz data is on the 

left and the 1.0 MHz data on the right. 

 

 
 

Figure 10 – Theoretical and experimental sound field positions for data acquired at an absolute 

probe position on Specimen AAD-3 with a 65° refracted angle and a 0° skew angle. The 0.5 MHz data is 

on the left and the 1.0 MHz data on the right. 

 

Preliminary lateral beam skewing capability was evaluated as displayed with the 0.5-MHz data 

from B-519E in Figure 11. Focal laws were generated to skew the beam ±10° from center and at center 

(Skew 0°). Note that the skews at 0° and ±10° were defined for the probe to be operating with both a 

transmitter and a receiver (normal mode of operation). Since the probe was actually set up to function in 

the transmit mode only, data were also collected for a beam projected directly in front of the transmitter. 

This was denoted as Skew T [6]. The theoretical and experimental data correlate well when skewed 

directly in front of the transmit probe (T = −29° for this projection and probe). As seen in Figure 11, the 

experimental beam locations were less accurate when steered in their normal modes of operation at 0° and 

±10°; this is farther away from the transmit probe. The shift between the theoretical positions and 

measured positions is approximately 4 mm (0.16 in.) for these three skews. These modes would incur a 

longer beam path that might account for the increased redirection. Additionally, the probe may not be 

skewing appropriately in which case the focal laws might need adjusting.  

 



948 

 
 

Figure 11 – Sound field redirection for the 0.5-MHz probe from B-519E for all four relative probe 

positions at a focus of −10 mm (−0.39 in.). The black points represent the theoretical beam centers for 

each angle. 

 

 

CONCLUSIONS 

A study was conducted to study the effects of coarse-grained microstructures found in CASS on the 

propagation of PA sound fields. This is necessary for determining the validity of an ultrasonic evaluation 

of a CASS component as the beam could be redirected and not adequately insonify the area of interest. 

Additionally, the beam could be severely attenuated, partitioned, and scattered as it travels through the 

component, further degrading the inspection.  

A large data set was acquired with PA probes operating at 0.5, 0.8, and 1.0 MHz in approximately 

58-mm (2.3-in.) thick, CASS piping specimens. The specimens represented smaller-grained equiaxed 

material as well as larger-grained columnar and mixed-banded types of microstructures. Data were 

acquired over four skew angles and eight refracted angles for the four material types. As material was 

removed in 6.4-mm (0.25-in.) slices, data acquisition was repeated enabling the mapping of the sound 

fields through the specimens. The material surfaces were polished and etched to reveal the grains that were 

then characterized. Quantifications of the beam coherence, attenuation, and redirection are underway as 

well as a correlation of these measurements to CASS microstructure characterizations. The very limited 

data that have been analyzed so far indicate that the mixed banded microstructure of specimen AAD-3 

redirects the sound field more than the equiaxed material. Furthermore, the redirection increases with 

increasing probe frequency. Beam coherence has been observed to degrade with increased frequency and 

larger-grained material as well. Sound field redirection in terms of beam skew was evident in the equiaxed 

material and will be further examined to determine if this is a material effect or a limit of the probe setup.  

Data analyses are in the early stages but as they continue PNNL expects to gain valuable insights on 

how best to examine this coarse-grained material. Better selection of appropriate probe frequency, 

refracted and skew angles, and positioning relative to the area of interest are expected outcomes. Statistical 

tools may also be used to best summarize the findings from the large (nearly 1500) data sets.  
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