
  

Cast Stainless Steel 

 

Research and Evaluation of Advanced Nondestructive Examination (NDE) Methods for 

Addressing the Challenges of Inspecting Cast Austenitic Stainless Steel (CASS) Piping 
M.T. Anderson, A.D. Cinson, S.L. Crawford, S.E. Cumblidge, A.A. Diaz 

Pacific Northwest National Laboratory
1
, USA 

 

 

ABSTRACT 

 
Studies conducted at the Pacific Northwest National Laboratory (PNNL) in Richland, Washington, 

have focused on developing and evaluating the reliability of nondestructive examination (NDE) 

approaches for inspecting coarse-grained, cast austenitic stainless steel (CASS) reactor components.  

The objective of this work is to provide information to the United States Nuclear Regulatory 

Commission (NRC) on the utility, effectiveness and limitations of ultrasonic testing (UT) inspection 

techniques as related to the in-service inspection of primary system piping components in pressurized 

water reactors (PWRs).  This paper provides a comprehensive overview of recent efforts at PNNL to 

conduct confirmatory research, development, and evaluation of advanced NDE methods for 

characterizing CASS microstructures and inspecting welds in these materials.  This paper describes 

results from recent assessments using low-frequency, phased-array ultrasonic testing (PA-UT) 

techniques as applied to both small-bore pressurizer (PZR) surge line components and larger-bore 

primary coolant piping components. 

 Cast stainless steel (CSS) pipe specimens were examined that contain thermal and mechanical 

fatigue cracks located close to the weld roots and have inside/outside surface geometrical conditions 

that simulate several PWR primary piping configurations.  Advanced UT methods were applied from 

the outside surface of these specimens using automated scanning devices and water coupling.  The 

phased-array approach was implemented with a modified instrument operating at lower frequencies 

than conventionally applied PA-UT (500 kHz and 800 kHz) and composite volumetric images of these 

samples were generated.  Results from laboratory studies for assessing detection, localization, and 

sizing effectiveness are discussed. 

  In addition, segments of vintage centrifugally cast piping, piping segments used in PISC-III 

round robin tests, and practice specimens from the Pressurized Water Reactor Owner’s Group (PWROG) 

were also examined to understand inherent acoustic noise and scattering due to grain structures and 

determine consistency of UT responses from different locations.  Interim results from sound-field 

mapping in CASS microstructures as a function of frequency, incident angle, and microstructure 

parameters are presented.  This paper also describes progress and recent developments resulting from 

laboratory studies focused on developing effective in-situ methods for microstructural characterization 

(classification) in CASS components from the outside surface.  A study of past CASS fabrication 

processes and their impact on resultant microstructures will also be discussed. 

 

 

INTRODUCTION 
 

Pacific Northwest National Laboratory (PNNL) is conducting research as part of a U.S. Nuclear 

Regulatory Commission (NRC) project entitled, “Reliability of Nondestructive Examination for 

Nuclear Power Plant Inservice Inspection.”  The focus of the research is to determine the effectiveness 

and reliability of advanced nondestructive examination (NDE) methods on light water reactor 

components containing cast stainless steel material and other coarse-grained components.  The 

specific goal of this work is to assess the effectiveness and reliability of various NDE methods to 

detect and, if possible, size cracks in coarse-grained steel components.  This paper addresses ultrasonic 

phased-array (PA) technology as applied to the crack detection and characterization problem in 

coarse-grained steel. 

                                                
1
 The work was sponsored by the U.S. Nuclear Regulatory Commission under Contract DE-

AC05-76RL01830; NRC JCN N6398; Mr. Wallace Norris, Program Monitor. 
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BACKGROUND 

 

Since 1977, PNNL has conducted research under NRC guidance to evaluate state-of-the-art technical 

approaches for inspecting coarse-grained steel reactor components [1-3].  This work recently has 

focused on assessing the viability of phased-array ultrasonic NDE methods applied from the outside 

pipe surface of the components.  Regarding ultrasonic methods, PNNL’s strategy has been to evaluate 

low-frequency (500 kHz to 1.5 MHz) phased-array ultrasonic testing (PA-UT).  At these lower 

frequencies, the longer wavelengths are inherently less sensitive to the effects of the coarse-grained 

microstructure, while maintaining suitable resolution to effectively detect, localize, and size flaws [1, 

4].  The materials examined in this study included cast stainless steel (CSS) pressurizer (PZR) surge 

line piping welds as well as thicker-section primary loop, CSS piping welds.  The primary loop piping 

specimens are nearly 76.2 mm (3 in.) thick, where a frequency of 800–500 kHz was necessary to 

penetrate this material thickness.  Optimum frequencies are currently being established to examine the 

relatively thin, 35-mm (1.4-in.), surge line components, but data show that an effective examination is 

possible at 1.5 MHz. 

 

 

MATERIALS 

 

The relatively low cost and high corrosion resistance of cast stainless steel has resulted in extensive 

use of this material in the primary coolant piping systems of Westinghouse-designed PWRs [3].  

Alloying elements and casting processes used in the fabrication of CSS materials are responsible for 

its corrosion resistance and strength but also create complex and coarse-grained microstructures.  This 

material is anisotropic and inhomogeneous.  The manufacturing process can result in the formation of 

columnar (dendritic) grain structures often several centimeters in length, with grain growth oriented 

along the direction of heat dissipation, typically normal to the surface.  Additionally, during the 

cooling and solidification process, a columnar, equiaxed, or mixed structure can result, depending on 

chemical content, control of the cooling, and other variables in the casting process [3, 5].  A normal 

part of the fabrication method is to remove imperfections resulting from the casting process.  As a 

result the outer and inner  cylindrical surfaces of specimens used in the current study are machined and 

relatively smooth.  However, in spite of these excellent surface coupling conditions, the sometimes 

large size of the anisotropic grains relative to the acoustic pulse wavelength severely scatters and 

attenuates the sound field.  Significant changes in acoustic velocity are also evident.  Refraction and 

reflection of the sound beam occur at the grain boundaries, effectively skewing and/or partitioning the 

sound field, resulting in flaws being incorrectly identified, specific volumes of material not being 

examined, or both [1].  To reduce the impact of the microstructure on the inspection technique, a low-

frequency sound field is used.   

 Three PZR surge line specimens were examined in this study, each consisting of a 

centrifugally cast stainless steel (CCSS) pipe segment welded to a statically cast stainless steel (SCSS) 

elbow segment.  Rings were cut from both ends of the first surge line specimen, 7C-059, and were 

polished and etched to show the microstructures of the pipe and elbow ends.   

Figure 1 shows the equiaxed microstructure of the pipe on the left and columnar microstructure of the 

elbow on the right.  Nominal wall thickness on the pipe side was 30 mm (1.2 in.) and on the elbow 

side, 39 mm (1.5 in.).  Four circumferentially oriented thermal fatigue cracks (TFCs) were implanted 

in the weld region of this specimen.  An additional long segment of a surge line from Washington 

Nuclear Power unit number 3 (WNP-3) was obtained (see  

Figure 2).  The foreground elbow was removed and cut in half to make two pipe-to-elbow specimens, 

9C-001 and 9C-002.  Again, rings from the two pipe sides and common elbow side were cut and the 

surfaces polished and chemically etched to display the microstructures.   

Figure 2 shows the microstructure from the two pipe rings, center and outside legs, and Figure 3 

shows the elbow microstructure.  Nominal wall thickness on the pipe side was 33 mm (1.3 in.) and 

34–44 mm (1.3–1.7 in.) on the elbow side.  Three circumferentially oriented TFCs were implanted in 

each of these two specimens. 

  The grain size diameters were measured at a mid-wall line in each of the specimens.  Table 1 

shows the average grain size and range from each of the surge line specimens.  The first surge line 



  

specimen has a smaller-grained microstructure on both the pipe and elbow sides, with average grain 

diameters of 1.9 mm (0.07 in.) and 2.6 mm (0.10 in.) respectively.  At a 1.5-MHz inspection 

frequency, the corresponding wavelength in the 

 

 

  
 

Figure 1- Photographs of Polished and Etched Surge Line 7C-059 with the Pipe Side (CCSS) on the 

Left and Elbow Side (SCSS) on the Right 

 

 

 
 

Figure 2 - WNP-3 Surge Line Section Showing the Locations of the Pipe and Elbow Cuts to Produce 

Two Pipe-to-Elbow Specimens, 9C-001 and 9C-002.  The centrifugally cast pipe microstructure is 

displayed.  The statically cast elbow microstructure is shown in Figure 3. 

 



  

 
Figure 3 - WNP-3 Surge Line Elbow Microstructure 

 

cast stainless steel material is approximately 3.8 mm (0.15 in.).  In contrast, at an 800-kHz inspection 

frequency, the wavelength in the material is approximately 7.2 mm (0.29 in.).  The wavelength at each 

frequency is larger than the average grain and produced a valid inspection of the material.  Flaws in 

this material were detected at frequencies of  

 

 

 

Surge Line 1 Grain 

Diameter (7C-059) 

mm [inch] 

WNP3 Surge Line Grain Diameter 

(9C-001 and 9C-002) 

mm [inch] 

 Elbow Pipe Elbow Pipe Center Pipe Outside 

Average 2.6 [0.10] 1.9 [ 0.07] 10.3 [0.41] 6.6 [0.26] 3.5 [0.14] 

Minimum 0.5 [0.02] 0.6 [0.02] 2.6 [0.10] 1.3 [0.05] 0.8 [0.03] 

Maximum 6.3 [0.25] 6.7 [0.26] 41.0 [1.61] 25.6 [1.01] 13.9 [0.55] 

Table 1 - Grain Diameter Measurements from the Three Surge Line Specimens 

 

800 kHz and 1.5 MHz.  The WNP-3 specimen’s average grain sizes are 10.3 mm (0.41 in.) in the 

elbow and 3.5 (0.14 in.) or 6.6 mm (0.26 in.) in the pipe legs.  With these larger grains in the material, 

one would expect more scattering and attenuation as the sound field propagates through the material, 

possibly leading to a more difficult inspection.  However, the data will show that flaws in these two 

WNP-3 specimens were readily detected at both 800 kHz and 1.5 MHz.  

 Several welded piping specimens fabricated by industry’s Pressurized Water Reactor Owners 

Group (PWROG), on loan to PNNL from the Electric Power Research Institute (EPRI), were also 

included in this study.  These specimens represent typical configurations of several components in the 

primary coolant loop of Westinghouse-designed plants, and contain surface-breaking thermal fatigue 

cracks located on either side of a weld. 

 Specimen ONP-3-5 is 20.3 cm (8.0 in.) wide (circumferential direction) and 61.6 cm (24.25 

in.) long in axial extent.  This specimen is a clad carbon-steel outlet nozzle to forged stainless-steel 

safe end to centrifugally-cast pipe section, where the nozzle side consists of 6.60-cm (2.6-in.) thick 

carbon steel and 0.51-cm (0.2-in.) thick clad.  The forged stainless-steel safe end is 7.1 cm (2.8 in.) 

thick, and the CCSS pipe segment is 6.4 cm (2.5 in.) thick.  Both clad carbon-steel and forged 

stainless-steel segments are characterized as consisting of a fine-grained microstructure, while the 

centrifugally cast microstructure is characterized as a coarse matrix of grains.  The maximum grain 

diameter was measured at 26.67 mm (1.05 in.) on the CCSS pipe side (see Figure 4), while the 

minimum grain diameter was measured at 0.33 mm (0.01 in.).  The crack in ONP 3-5 is a thermal 

fatigue crack on the safe-end side of the weld centerline between the nozzle segment and the forged 

stainless-steel safe-end segment, with a circumferential extent (length) of 6.6 cm (2.6 in.) and a depth 

of 1.78 cm (0.7 in.) [1]. 

 Specimen OPE-5 is 20.3 cm (8.0 in.) wide (circumferential distance) and 52.1 cm (20.5 in.) 

long in axial extent.  This specimen is a statically cast elbow to centrifugally cast pipe section, where 

the elbow side is 7.1 cm (2.8 in.) thick and the pipe side is 5.8 cm (2.3 in.) thick.  Both the statically 



  

cast and centrifugally cast microstructures are characterized as a coarse matrix of grains.  The SCSS 

side has a bi-layered structure with mean lineal intercept measurements of 0.8 mm (0.031 in.) and 1.2 

mm (0.047 in.).  The CCSS side has a tri-layered structure with mean lineal intercept measurements of 

1.1, 2.4, and 1.7 mm (0.043, 0.094, and 0.067 in.); see Figure 5.  The minimum and maximum grain 

diameters are found in Table 2.  The crack in OPE-5 is a thermal fatigue crack on the elbow side of the 

weld centerline, with a circumferential extent (length) of 6.15 cm (2.42 in.) and a depth of 1.63 cm 

(0.64 in.) [1]. 

 
Figure 4 - Microstructure of the Weld Cross Section in a Specimen Similar to ONP 3-5 

 

 
Figure 5 - Microstructure of the Weld Cross Section in a Specimen Similar to OPE-5 

 

Specimen MPE-6 is 26.0 cm (10.25 in.) wide (circumferential distance) and 60.96 cm (24 in.) long in 

axial extent.  This specimen is a statically cast elbow to centrifugally cast pipe section, where the 

elbow side is 8.4 cm (3.3 in.) thick and the pipe side is 6.6 cm (2.6 in.) thick.  Both the statically cast 

and centrifugally cast microstructures are characterized as a coarse-mixed matrix of grains with three 

layers on each side.  The SCSS mean grain lineal intercepts were measured at 1.4, 2.5, and 1.9 mm 

(0.055, 0.098, and 0.075 in.) and the CCSS at 2.3, 2.2, and 3.0 mm (0.011, 0.087, 0.12 in.); see Figure 

6.  The minimum and maximum grain diameters measured in the pipe and elbow sides of this 

specimen are found in table 2.  The crack in MPE-6 is a thermal fatigue crack on the elbow side of the 

weld centerline, with a circumferential extent (length) of 5.9 cm (2.33 in.) and a depth of 1.5 cm (0.59 

in.) [1]. 

 Many of these specimens exhibit different layers or banding of grains with unique orientation, 

size and type.  For instance, the ONP-3-5 CCSS material has two layers while MPE-6 CCSS consists 

of three layers.  The grains in specimen ONP-3-5 are clearly larger than the grains in the other 

materials.  This will increase the difficulty of the inspection of this specimen.  A comparison of the 



  

average grain sizes between the surge line specimens (Table 1) and the PWROG specimens (Table 2) 

shows that the CCSS pipe materials are similar in average grain diameter while the SCSS surge line 

elbows are comparable or larger in grain diameter. 

 
Figure 6 - Microstructure of the Weld Cross Section in Specimen MPE-6 

 

CCSS (Pipe Side) SCSS (Elbow Side) 

Specimen 
Minimum  

mm (in.) 

Maximum  

mm (in.) 

Minimum  

mm (in.) 

Maximum  

mm (in.) 

MPE-6 0.56 mm 

(0.02 in.) 

26.81 mm 

(1.06 in.) 

0.28 mm 

(0.01 in.) 

5.59 mm 

(0.22 in.) 

ONP-3-5 0.33 mm 

(0.01 in.) 

26.67 mm 

(1.05 in.) 

n/a 

Carbon-Forged SS 

n/a 

Carbon-Forged SS 

OPE-5 0.21 mm 

(0.01 in.) 

16.67 mm 

(0.66 in.) 

0.21 mm 

(0.01 in.) 

5.21 mm 

(0.21 in.) 

 

Table 2 - Minimum and Maximum Grain Diameter Measurements for three PWROG Specimens 

 

 

DATA ANALYSIS 

 

 

PWROG data analysis 

 

The three PWROG specimens were examined at 500 and 800 kHz with a Zetec DYNARAY
®
 system 

capable of driving probes in the range 0.2-20 MHz.  The 500-kHz phased-array inspection was 

performed with the probe focused at a depth of 50 mm (1.97 in.).  The beam spot size measured at this 

focal depth at 45 degrees was 10.5 by 7.9 mm. These measurements were acquired at a -3 dB 

amplitude level.  By comparison, the 800-kHz probe was focused on a plane with focal depth varying 

with angle.  At 45 degrees and a 52-mm (2.05 in.) depth, the spot size was 5.1 by 3.9 mm.  Spot sizes 

for other incident angles were also evaluated, and it was found that the 30- and 45-degree 

insonification angles are similar at both frequencies, while at 60 degrees the 800-kHz spot size is 

smaller by approximately 30%.  A smaller spot size will give a more accurate length measurement, 

assuming the entire crack is detected. The PWROG cracks were detected by the flaw corner response 

signal and this signal was found in the lower to mid-range angles. Therefore, beam spot sizes should 

be similar at both frequencies in this corner response detection and length sizing (discussed later). 

Signal separation and discrimination are critical and often difficult in data analysis. Data from the pipe 

side, far side, of specimen OPE-5 are shown in  

Fig at inspection frequencies of 500 kHz (top) and 800 kHz (bottom). The crack indication is marked 

with an arrow in the views. Elbow-side data are shown in Fig with the 500-kHz data on top and 800-



  

kHz data on bottom. Even with a known specimen profile, the signal discrimination task can be 

formidable. These side view images show slightly better signal separation of the flaw from a strong 

geometrical reflector at 800 kHz as compared to 500 kHz. One would expect better resolution at the 

higher frequency and do in fact see this.  Signal-to-noise ratio (SNR) values are poor at 7.9 and 6.9 dB 

in the pipe side data at 500 and 800 kHz, respectively. From the elbow side, SNR values are 6.3 and 

8.3 dB at 500 and 800 kHz, respectively.  This last image, Fig bottom, elbow side 800 kHz, shows the 

best isolated flaw indication.   

 The detected crack responses were evaluated for flaw length with results listed in Table 3.  

Length measurements were obtained at the half amplitude or −6 dB level when possible. In general, 

the lengths measured to the loss-of-signal level were similar. The flaw in specimen ONP-3-5 was not 

detected. This specimen also had the largest grain diameters reported, which may be the primary factor 

in the flaw’s not being detected. The flaw depth and length are similar to those of the crack in 

specimen OPE-5 and the OPE-5 flaw was detected. A root mean square error (RMSE) determined 

from the four length sizing data values at 500 kHz is 16.8 mm (0.66 in.) and 16.0 mm (0.63 in.) from 

the four data values at 800 kHz. As noted previously, the beam spot sizes are similar for both probes 

so the variations in length determination can be reasonably attributed to the coarse material grains’ 

causing signal dropout.  his very limited data set shows a similar length-sizing performance for both 

probes.  

 

 

 

 

 
 

Figure 7 - OPE-5 Pipe Side, Far Side, Phased Array Data at 500 kHz (top) and 800 kHz (bottom).  The 

crack indications are marked with arrows in the different views.  Multiple signals show the importance 

of signal discrimination. 

 



  

 
 

Figure 8 - OPE-5 Phased-Array Elbow Side, Near Side, Data at 500 kHz (top) and 800 kHz (bottom).  

The crack indications are marked with arrows in the different views.  Multiple signals show the 

importance of signal discrimination. 

 

Length, mm (inch) PWROG 

Specimen Side True 500 kHz 800 kHz [6] 

Reported 

Depth (%) 

ONP-3-5 CCSS 66 (2.60) ND* ND 25 

OPE-5 CCSS 61 (2.40) 42 (1.66) 74 2.91() 23 

 SCSS 61 (2.40) 60 (2.37) 43 (1.69) 23 

MPE-6 CCSS 59 (2.32) 47 (1.85) 36 (1.42) 18 

 SCSS 59 (2.32) 34 1.34() 62 (2.44) 18 

*ND = Not Detected 

Table 3 - Length Sizing Phased Array Results for PWROG Specimens 

 

 

Surge line data analysis 

 
PA data were acquired on the three surge line specimens at 800 kHz and 1.5 MHz.  The 800-kHz TRL 

probe consists of two 10 × 5 element arrays with an active area of 43.2 by 21.2 mm (1.70 × 0.84 in.) 

per side.  The 1.5-MHz TRL probe consists of two 10 × 3 element arrays and an active area of 35 by 

17.5 mm (1.38 × 0.69 in.) per side.  Each set of wedges were curved to match the approximate 318-

mm (12.5-in.) diameter of the surge line specimens. Focal laws were generated for each probe to 

insonify the weld region at a constant sound path from the probe (half-path focusing).  The focal depth 

was set to 50 mm (1.97 in.).  This produced beam spot sizes for the 800-kHz probe at 45 degrees of 

7.2 by 5.7 mm.  The spot size for the 1.5-kHz probe at 45 degrees was 5.0 by 3.8 mm. These were 

measured at the approximately −3 dB points. The first dimension represents the primary axis of the 

probe and the second is the secondary axis of the probe; in this case, the circumferential direction.  

While the spot size in the circumferential direction is approximately 50% greater in the 800-kHz probe 

than in the 1.5-MHz probe, this represents only a 2-mm difference. Therefore, length sizing 

measurements should be similar with both probes. 

 The Zetec DYNARAY® system was used to acquire data, with each probe being driven at its 

optimum frequency.  Line-scan data were collected and these results are presented in this paper.  

Raster data were also acquired but have not been reviewed yet. Multiple line scans were acquired in 

each flaw region at different axial offsets from the plane of the flaw. Both pipe-side and elbow-side 



  

data were collected. The elbow sides of the two WNP-3 9C specimens had surface undulations, 

leading to improper coupling of the probe to the specimen. The pipe-side coupling was relatively 

consistent.  Data images of crack 2 in specimen 9C-001 at 1.5 MHz are shown in Fig for acquisition 

from the pipe side and in Figure  for acquisition from the elbow side. In each figure, the top left image 

represents the Side View, the top right the Top View (C-scan), and the bottom right an End View. All 

of the thermal fatigue cracks were detected from both sides of the weld except flaw 3 in the 7C-059 

specimen where the elbow geometry precluded probe access to the area.  SNR values for the cracks 

were excellent at 23 dB or greater. 

 

 
Figure 9 - Flaw 2 in Surge Line Specimen 9C-001 at 1.5 MHz from the Pipe Side 

 

 

 
Figure 10 - Flaw 2 in Surge Line Specimen 9C-001 at 1.5 MHz from the Elbow Side 

 

 

A summary of the length-sizing results for both probes is listed in Table 4.  The length sizing was 

determined at the half amplitude (−6 dB) points.  Also listed at the bottom of the table are the RMSE 

values for each specimen and side.  The American Society of Mechanical Engineers (ASME) Code-

acceptable criterion is for an RMSE less than 19.05 mm (0.75 in.).  Inspection values from specimen 

7C-059 CCSS (pipe) side would not be acceptable, but all other data results pass the test.  This is 

somewhat surprising because the pipe side had a finer microstructure than the elbow side in specimen 

7C-059. 

 

 

 



  

  800 kHz 1.5 MHz 

Flaw True CCSS SCSS CCSS SCSS 

7C-059_1 104 (4.09) 122 (4.80) 88 (3.47) 111 (4.37) 83 (3.27) 

7C059_2 51 (2.01) 52 (2.04) 54 (2.13) 37 (1.46) 72 (2.84) 

7C059_3 50 (1.97) 56 (2.21) -- 40 (1.56) -- 

7C059_4 152 (5.98) 78 (3.07) 132 (5.20) 190 (7.48) 161 (6.34) 

9C-001 _1 76.6 (3.02) 89.3 (3.52) 92.3 (3.63) 93.7 (3.69) 83.4 (3.28) 

9C-001 _2 51.1 (2.01) 56.4 (2.22) 74.5 (2.93) 64.1 (2.52) 46.8 (1.84) 

9C-001 _3 69.7 (2.74) 77.1 (3.04) 69.4 (2.73) 88.4 (3.48) 69.5 (2.74) 

9C-002 _1 76.7 (3.02) 72.6 (2.86) 79.9 (3.15) 62.0 (2.44) 79.0 (3.11) 

9C-002 _2 50.5 (1.99) 53.2 (2.09) 54.1 (2.13) 53.3 (2.10) 63.3 (2.49) 

9C-002 _3 69.7( 2.74) 60.8 (2.39) 70.2 (2.76) 55.3 (2.18) 55.3 (2.18) 

RMSE      

Specimen      

7C-059  38 (1.50) 15 (0.59) 21.1 (0.83) 17.9 (0.71) 

9C-001  9.0 (0.35) 16.3 (0.64) 16.5 (0.65) 4.6 (0.18) 

9C-002  5.9 (0.23) 2.8 (0.11) 12.0 (0.47) 11.2 (0.44) 

Table 4 - Length Sizing of Surge Line Specimen Cracks, mm (inch) 

 

Depth sizing was also possible in the surge line specimens, with signals detected from the upper 

portion of the cracks and not from a true tip signal.  This depth information is preliminary, as all of the 

data have not been reviewed, but results are favorable.  The ASME Section XI Code requirement is for 

a procedure to have an RMSE of no greater than 0.125 in. (3.18 mm).  This condition is met in all data 

values listed except for the 9C-001 specimen as viewed from the CCSS side. 

 

Flaw True CCSS Side SCSS Side 

7C-059_1 10.9 (0.43) 13.0 (0.51) 12.0 (0.47) 

7C-059_2 9.3 (0.37) 12.0 (0.47) 10.0 (0.39) 

7C-059_3 9.3 (0.37) 13.5 (0.53) -- 

7C-059_4 15.6 (0.61) 16.0 (0.63) 11.0 (0.43) 

9C-001_1 6.4 (0.25) 10.6 (0.42) 7.9 (0.31) 

9C-001_2 8.9 (0.35) 15.4 (0.61) 8.0 (0.32) 

9C-001_3 8.3 (0.33) 13.3 (0.52) 7.2 (0.28) 

9C-002_1 7.5 (0.30) 7.4 (0.29) 10.5 (0.41) 

9C-002_2 6.3 (0.25) 6.6 (0.26) 4.4 (0.17) 

9C-002_3 4.8 (0.19) 5.3 (0.21) 5.1 (0.21) 

RMSE    

7C-059  2.7 (0.11) 2.8 (0.11) 

9C-001  5.3 (0.21) 1.2 (0.047) 

9C-002  0.35 (0.014) 2.1 (0.083) 

Table 5 - Depth Sizing of Surge Line Specimen Cracks at 1.5 MHz, mm (inch) 

 

 

SUMMARY AND CONCLUSIONS 

 

Flaw detection continues to be a challenge in thick-walled (70 mm [2.76 in.]) piping welds, as was 

demonstrated with evaluation results from several PWROG specimens. The larger-grained 

microstructures and complex weld profiles contribute to a difficult inspection. Low-frequency, 

phased-array ultrasound, 800 and 500 kHz, showed the capability to detect some flaws while others 

remained below the detection threshold.  In the thinner piping sections, pressurizer surge lines with 35 

mm (1.38 in.) walls, detection capability is greatly improved. All cracks were detected at both 800 

kHz and 1.5 MHz, from both pipe and elbow side except for one flaw where elbow curvature 

precluded access to the flaw. 

 



  

FUTURE WORK/WORK IN PROGRESS 

 

Beam-field mapping experiments are being planned, to image the longitudinal and shear wave sound 

fields as they travel from the phased-array probe through the cast material and on through the weld.  

Planes perpendicular to the diffracted beam will be imaged by collecting data at different range 

positions. 

 In-situ methods for determining specimen microstructure are being developed. Preliminary 

measurements and calculations of acoustic backscatter and attenuation have been correlated to the 

specimen microstructure. With a high level of confidence, in a specimen consisting of columnar CCSS 

material welded to equiaxed SCSS material, the measurements have been able to differentiate between 

the two types of materials.  This effort is being further refined.   

 Also, PNNL is concentrating efforts to assess casting processes for selected CASS 

components to better understand the effects of fabrication processes on resultant microstructures and 

on microstructural variability from component to component. It is anticipated that this work will 

provide a sound technical basis for optimization of UT probe designs. 
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