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DEVELOPMENT OF ULTRASONIC EXAMINATION METHODS 
FOR AUSTENITIC- STAINLESS STEEL WELD INSPECTION 

by 

S. 0. Mech, T. E. Michaels, J. S. Emmons, and M. M. Sugiyama 

INTRODUCTION 

Development of more effective methods for ultrasonic examination of 

welds in austenitic stainless steel components is an important objective 

in the nuclear industry. The specific objective of this program is to 

develop ultrasonic methods for pre-service and in-service inspection of 

austenitic stainless steel welds in certain Fast Flux Test Facility (FFTF) 

pipes. 

The challenge is to develop techniques which find defects but ignore 

variations associated with the normal cast type microstructure of the 

weld zone. This study was directed at gathering data on a welded pipe 

section with notches used to simulate defects, and is another example 

of computer acquisition and analysis techniques of ultrasonic data,^ ' 

Various analysis methods were compared to find signal analysis algorithms 

sensitive to circumferential location of the notches. For the overall 

problem, we classify algorithms in two broad categories. First, we need 

an inspection scheme to quickly scan a section to find all potential defect 

locations. In the second category, we need techniques to classify signals 

in order to size defects identified by the first method. This report 

discusses results for the first category. The program is continuing and 

the second category will be reported as significant results become available. 

AUSTENITIC STAINLESS STEEL MICROSTRUCTURE. 

For austenitic stainless steel welds, the microstructure dominates the 
(2) 

wave propagation response.^ ' The weld zone is characterized by large 

columnar grains (dendrites) which result from the slow cooling and directional 



solidification during welding. Wave velocities and propagation modes 

within these dendrites exhibit anisotropy which is describable by well 

known relations derived for face-centered-cubic crystal structure; i.e., 

austenite phase. These variations in wave velocity with crystallo-

graphic direction produce large acoustic impedance differences at grain 

boundaries. Impedance differences also exist near the edges of dendrites 

due to composition gradients. These gradients form during cooling when 

alloy content changes as lower melting point microconstituents form the 

dendrites and higher melting point microconstituents occupy the volume 

between dendrites. 

A substantial portion of the ultrasonic beam is reflected by the local 

Impedance changes at grain boundaries. These reflections develop signal 

responses often described as "grain noise", and this "grain noise" is 

frequently as pronounced as echoes from large cross sectional flaws within 
(3) the weld zone for austenitic stainless steel.^ ' Correspondingly, grain 

noise may be reported as defects, while actual defects may be difficult to 

locate during inspection. This is >bjtcai!)oc energy reflected from defects is 

often not directed towards the discrete location of transducers. Further, 

cracks at interfaces between dendrites may be missed because the transmit 

beam is often collimated along the principal axis of the grains; i.e., a 

light pipe effect. 

Many methods can be used to enhance defect signals and suppress grain 

noise for austenitic stainless steel weld inspection. Inspecting at lower 

frequencies reduces grain noise.^ ' Grain scatter is less pronounced at 

lower frequencies where wavelength is much greater than grain size; however, 

sensitivity to small defects is also reduced. It is often a necessary and 

laborious step to select a frequency range high enough to see small defects 

yet low enough to minimize grain noise. Also, the orientation of dendrites 

Is known to have the principal axis pointing towards the center of the weld 

zone. Thus, there may be propagation directions along which grain scatter 
(5) 

is minimal.^ ' All these approaches are useful, but all grains are not 

found to be the same size nor are they aligned in the same direction. In

stead, the weld zone is a mixture of size, shapes, and preferred orienta

tions of many microconstituents. 



If the test is tailored to the nominal microstructure, then critical 

flaws may be missed where microstructure variations are severe. If broad 

weld inspection standards are to be set and met in practice, the evaluation 

method should be as microstructurally insensitive as practical. A signifi-

cant improvident in tnis area has been made, and is the subject of this paper. 

DATA ACQUISITION AND ANALYSIS SYSTEM 

An ultrasonic automatic data processing system (UT/ADP) was developed 

and used to objectively gather waveforms for analysis. The UT/ADP system 

is illustrated in Figure 1, and v/as designed to permit mechanical replica

tion of scans by accurate computer control of transducer positions. In 

addition, we have ability to retrieve previous scans from stored data files, 

thus various analysis schemes can be exercised on the same set of waveform 

data. The UT/ADP system is mini-computer based and includes: 

(1) positional I/O information for the mechanical test apparatus, 

(2) ultrasonic signal capture, digitizing, and mass storage, 

(3) numerical analysis and software development capability, 

(4) line printer and graphic output, and 

(5) operator interface. 

This ability to repeatedly reconstruct the original waves permits direct 

comparison of the analysis methods being developed. Further, these archival 

data files permit re-interrogation of previously examined samples, without 

the necessity of repeating the tests. These system characteristics which will 

permit the re-evaluation (or more detailed evaluation) of previously inspected 

areas. Direct comparison of data obtained from the same sample, but at dif

ferent times, may be made on any basis from the original RF signal through the 

most recently developed analytical process. This is an extremely important 

feature for preserving data from a baseline or preservice inspection, and for 

later comparison with in-service inspection data. 

Special features were included in the UT/ADP system which enables this 

work to be done in a reasonable time frame. A Tektronix R7912 transient 



Figure 1. Ultrasonic Automatic Data Processing System 



digitizer is employed to capture and digitize ultrasonic waveforms. The 

Tektronix Scientific Programming System (SPS), a BASIC language software 

system, permitted efficient development and testing of the various numerical 

analysis algorithms, and an Elsytec array processor, which enables the 

UT/ADP system to analyze large numbers of data in a short period of time. 

SPECIMEN AND DATA ACQUISITION TECHNIQUES 

An austenitic stainless steel pipe section, 8-inch diameter schedule 

40, was notched at several locations to simulate defects in the weld. As 

illustrated in Figure 2, these notches were electro-discharged machined (EDM) 

25% and 50% through the wall thickness at three orientations. The notched 

pipe was scanned using longitudinal and shear immersion inspection methods. 

The transducer was a 3 MHz, 80% bandwidth, dual element unit, (1/4" x 1/4" 

square) and it was designed to operate in a side-by-side pitch-catch mode. 

The angle between transmit and receive beams was approximately 1Q° in stain

less steel. This technique is similar to those used by others for austenitic 

stainless steel weld inspection.^ ' ' 

Scanning was accomplished by rotating the pipe at about 30 RPM with the 

transducer fixed in position. There was no longitudinal advancement of the 

transducer used in this study. A precision encoder was used to input rota

tional position to one counter. A second counter was advanceable via compu

ter control, and the transmit pulse was strobed when the two counter regis

ters agreed. By advancing the second counter, 500 waveforms were digitized 

and stored for one scan around the tube. Each waveform was stored as 512 

words (16 bits each) corresponding to a 20 microsecond record length. 

The beam path is illustrated in Figure 2, and was aligned to give peak 

return from the large center weld notch; i.e., type C-50%. Time on the digi

tized records corresponded to position from the inner surface through the 

weld zone to the outer surface. 
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DATA ANALYSIS TECHNIQUES 

Digitized time domain waveforms were processed by three computational 

methods. These were by detecting amplitude, by cross-correlating to a wave

form from a known broadband discontinuity, and by transforming to the fre

quency domain using a fast fourier transform (FFT) algorithm. 

Peak Amplitude 

Time domain amplitudes were computed using: 

V̂ . = max {\y.\: j = 4i-3, . . . , 4i}; (1) 

where i = 1, . . , 128; V is the amplitude waveform and V. replaces four 

data points of the RF waveform v. by the peak amplitude in the internal 

{j = 4i-3, . . . , 4i}. This calculation reduces the number of points per 

record from 512 to 128, which reduces storage requirements when only detected 

amplitude results are desired. 

Equation (1) has the effect of full-wave rectifying and smoothing the 

RF waveform as illustrated in Figure 3. This was developed to produce a 

result suitable for isometric plots which are presented later. It is similar 

to amplitude detection performed with conventional UT hardware. 

Cross-Correlation 

The cross-correlation algorithm may be used to determine where two wave

forms agree or align in detail.^ ' ' Specifically, it can be used to deter

mine if, or where, a known echo pattern is contained in a noisy waveform 

record. Cross-correlation is useful for two reasons. First, it can be used 

to produce a time domain plot of echo amplitudes versus time which contains 

less clutter than the result of Equation (1), and this will be demonstrated 

in this study. Second, cross-correlation can be used to indicate where echo 

activity is in the time domain, which may then be used for the purpose of 
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setting waveform gate times. This second aspect was not used in this study 

but is expected to be an important step in analysis in the future. 

We compute cross-correlation according to: 

W|.(A,B) = i-^J (2) 

Here 6is the Kronecker delta defined as: 

*mn = •• f°^ "̂ ="' (3) 

^mn " ° ^^^ '̂'̂"' 

N = 512 is the number of points in the digitized waveform, W is the cross-

correlation results, and k is an offset position index. This offset corres

ponds to sliding waveform B past waveform A, and peaks in W result for offsets 

where A and B align. 

For analysis here, B was the echo from a back corner reflection from a 

calibration block, and A represents received RF waveforms. Typical results 

are shown in Figure 4. The position of the peak indicates where each pair 

aligns best. If more than one peak occurs in the cross-correlation result, 

these peaks indicate the probable echo locations on the original waveform. 

For plotting purposes, a peak amplitude form of W is useful. This 

was computed using a procedure similar to that used for Equation (1): 

W^(A,B) = max {|Wj(A,B)1:j=4 -3, . . . , 4£}, (4) 

with a = -64, . . . , 6 4 ; and W is peak amplitude result of the cross-

correlation function. When a ranges from -64 to 64, offset time ranges 

from -10 ysec to 10 ysec. 
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Frequency Domain Analysis 

The FFT algorithm was used to analyze the frequency content of received 

orms.^ ' From this al< 

the time domain waveform by: 

waveforms.^ ' From this algorithm, coefficients A and B are related to 
U 0) 

f(t) = /(A cos ait + B sin cot)dt, (5) 
U (Jj 

0 

and the power spectral density is: 

p((o) = (A2 + B2)i/2 (6) 

Simple moments are useful for comparing frequency distributions: 

oa 

M^ = / p(co) do) (7) 
0 
CO 

M^ = /o) p(co) do) (8) 
0 
CO 

M^ = / w2p(a)) dw (9) 
0 

The zeroth moment, M , is equivalent to the total power. Futher, by differ

entiating (5) with respect to time, one can show that M, and Mp are related 

to the total power of the first and second derivative with respect to time 

of the original time domain waveform. This is also a standard deviation 

theorem for fourier transforms.^ ' 

We found the cumulative definite integral with variable upper limit, u, 

useful for detailed study of the frequency patterns from defects. This may 

be expressed as: 

\{o^) = /" s S U) d5 (10) 

in discrete form this becomes: 
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1 

M. (i) = ^ J^i (11) 
^ 0=1 ^ 

where i is a frequency index and p. is the discrete analog of Equation (6). 
J 

Plots of M (oj) and M2(u) are presented in Figure 6 and are discussed in the 

next section. 

Adaptive Learning Network 

An Adaptive Learning Network (ALN) was implemented similar to that des

cribed by Mucciardi.^ ' This process consists of a network of multinomial 

combinations with each combination y computed for two imputs x. and x. as: 

y = a^ + a^x. + a^x. + a^x-^ + a^x-x^ + a^Xj^ (12) 

The coefficients and specific network construction are determined by a training 

process described later. Refer to Figure 7 for a typical network. 

Once the training process has been completed, that is, the coefficients 

and structure have been determined, the network serves as a model with vector 

inputs X. from ultrasonic test data. Model output could be defect existence, 

type, or size depending on the particulars of the training process. 

Before the training process begins, the data are grouped into three sets; 

a training set, a testing set, and a verification set. During the training 

process, all possible pairs of vectors from the training set are combined as 

shown above. For each combination, the coefficients are determined so as 

to minimize mean square error between calculated output, y, and the desired 

output, y. The testing set is used to see if the fit is a good one; i.e., 

•error between y from the testing set and y is not significantly larger than 

the training error. If the fit is not good, the combination is rejected and 

the next pair is considered. 

In this manner, a new group of vectors is-generated from the best com

binations of the original vectors. The process can be continued to as many 
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levels as desired - usually until no improvement is shown. The best vectors 

in the final level can then be averaged to form the overall network. After 

the final network has been configured, the verification set is used to esti

mate expected accuracy. 

The above training process was implemented using data from the refracted 

longitudinal scan discussed previously. Actual vector inputs selected were: 
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0^ ' 
Mo(a)) 
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(see equation 10) 
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RESULTS 

Isometric plots of detected waveform amplitude from Equation (1), 

cross-correlation algorithm results from Equation (4), and frequency domain 

power spectral density from Equation (6) are compared in Figure 5 for the 



60° refracted longitudinal scan. The peak voltage and cross-correlation 

results are presented here for about the same time domain window, and this 

window, 20 ysec wide, corresponds to a propagation path from the back surface 

through parent material, across the weld zone boundary, and through the weld 

zone to the top surface of the specimen as illustrated in Figure 2. The weld 

zone interface is visible as a ridge on the time domain records, and note 

that the ID surface echo is visible from circumferential position 190 through 

310. The pipe was not perfectly round, and this caused the skew as the water 

path distance increased from 190 to 310. 

The time domain plot from the cross-correlation algorithm contains less 

clutter than the peak voltage plot. Particularly, note the enhanced detail 

of the notches as compared to the ID surface echo and v/eld zone interface 

echo. Also, we find the notch type (near side, center, or far side) can be 

confirmed by noting the location in time of signal peaks with respect to the 

ridge from the weld zone interface. 

The frequency domain data presented in Figure 5 show a broadband response 

is received at each of the notch locations. We find this broadband response 

is typical of clean or distinct echos. Note the interference structure that 

is visible as frequency domain peaks in the vicinity of the larger notches. 

Although this structure was not analyzed in this study, we expect it should be 

predictable from the notch angle and type as has been demonstrated by other 
(12 13^ 

investigators.^ ' ' 

The attenuation influence of the weld zone is also visible from the 

frequency domain data plot. Specifically, near side notches show more 

information than do far side notches. This is expected because attenuation 

of the v;eld zone is progressively more severe at higher frequencies, and the 

wave path to far side notches traverses the most weld zone material. 

Moment results are presented in Figure 6. These computations are use

ful to show how energy is distributed in the frequency domain. First order 



moment, M^, is cumulative power and a normalized form of this function has been 
(1) an important vector input to the adaptive learning network of Adaptronics.^ ' We 

favor the second order moment, M^, because it appears sensitive to the broadband 

signals reflected from notch type defects, and is less sensitive to "grain noise" 

which we find is more narrow banded. Hopefully, future studies will establish 

that cracks, like notches, are more broadband reflectors. 

To the extreme right on the cumulative moment plots; i.e., at 6.4 MHz, peaks 

correspond to notch locations. These moment results are compared to peak voltage 

and peak cross-correlation results in Figure 8. If data from the total 20 ysec 

window is used, the second order moment, M2, yields superior results insofar as 

locating notches. Peak voltage is least accurate, and peak cross-correlation and 

zeroth order moment, M , show fair sensitivity to notch locations. 

Peak voltage and peak cross-correlation results are also shown in Figure 8 

as recomputed for a reduced time interval, 7.5 to 15 ysec, so as to avoid the 

back surface echo and to concentrate more on signals within the weld zone. We 

find the signal-to-noise ratio is still not as good as second order moment com

puted over the entire 20 ysec record. This is because a voltage peak can occur 

and will be reported in the time domain regardless of the frequency of the signal 

and many of these peaks are from narrow band signals, whereas, the second order 

mon.ent is more sensitive to broadband signals. 

Radiographic analysis from this pipe is compared to second order moment 

results in Figure 9. Most all "non-notch" peaks were found to be associated 

with slight porosity within the weld zone. We found qualitative analysis of 

the "non-notch" peak near circumferential position 50 interesting. From data 

of Figure 8, it is difficult to deduce any distinguishing features of this 

signal peak which might be different from the notches. However, detailed ex

amination of time domain data isometric prints. Figure 5, suggest this signal 

source is in the center of the weld zone. This is because the peak lies well 

behind the interface ridge but ahead of the far side notches. Analysis of the 

frequency isometric print shows a narrow band of high frequencies reflected. 

This is different than is exhibited for the notches. All these observations 

are consistent with the porosity reported from radiographic analysis. 



~Sr^S€r-\ Cfb b>-foi^ M̂ -vw p^^< C2-> 

PEAK VOLTAGE 

'EAK CROSS-COnnELATIOr̂  

7.5 -15(isec INT ERVAL 

,.| 
i 1 '- ' 

TvlOLIEHT ALGO:?ITii:.lS 

0 103 2(0 KKJ 400 5O0 0 100 203 3(» 4O0 5(X) 

CiRCUMflRENTIAL POIJITION 

Figure / B Peak Voltage, Total Power M , and Moment M^ tor bO* 
Refracted Longitudinal InspBction 



OMENT ALGORITH 

0 

100 -

2(X) 

400 

500 

300 - - -

RADIOGRAPHIC ANALYSIS 

DEFECT SIZE • REMARKS 

NOTCH 

POROSITY 
NOTCH 

POROSITY 
NOTCH 

NOTCH 

POROSITY 
NOTCH 
POROSITY 

POROSITY 
POROSITY 
POROSITY 
NOTCH 

POROSITY 
POROSITY 
POROSITY 
NOTCH 

C-50% 

2-0.015" 
N-25% 

1-0.020" 
F-25% 

C-25% 

2-Q.0i5" 
F-50% 
2-0.015" 

2-0.020" 
0.010" 
2-0.015" 
N-50% 

ALSO POROSITY 1-0.030" 

0.C-:0 APART 
NEAR SIDE NOTCH 

NOTCH POSITION L E G E N D ] 
H 

N= NEAR SIDE fl 
C - CENTER OF WELD I 
F = FAR SIDE î 
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As a further example of using the second order moment, a 45° shear wave 

inspection scan was made using the same transducer. Results are compared in 

Figure 10, and we found that the second order moment was sensitive to all 

notches within the 45° shear wave beam path. Further, porosity peaks again 

agreed with results from radiographic analysis. 

Two networks were created with the ALN process. The first network 

was trained to detect both notches and porosity while the second network was 

trained to detect only notches. Refer to Figure 11 for plots of the output 

of both networks. 

In the first network, the two notches that were part of the verification 

data set were successfully located. The noise level is way down except for 

several peaks in regions where radiographic analysis showed porosity. In 

the second network, the training and testing data sets were carefully selected 

to include regions with porosity. Most of the porosity peaks were successfully 

damped out. Again, the notches in the verification set were found and the noise 

level was very low. 

CONCLUSIONS 

1. We have found a second order moment algorithm to be useful for dis

criminating between signals from defect notches in austenitic stainless steel 

welds and grain noise. This algorithm involves a moment sum of frequency 

domain data, and gives best results with broadband transducers and electronics. 

Discrimination against grain noise is good because spectral response of grain 

noise signals is narrow band, whereas response from defects is broadband. 

2. Isometric plots of UT data provide a useful analysis tool for quali

tative evaluation of signal patterns. Plots of detected signal voltage and 

frequency power spectral density complement each other, and can be used to 

deduce defect locations. 
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3. A cross-correlation algorithm can be used to determine where or if 

known echo patterns exist in a time domain record. Plots of peak cross-

correlation results contain the same information as peak voltage results, 

but have the value of enhancing signals from the notch locations. 

4. From even the small number of networks generated thus far, it is 

evident that ALN techniques show a great deal of potential. We have been 

successful in discriminating between notches and porosity, and grain noise 

has been virtually eliminated. 

5. Classical test methods, which compare signal amplitude to that from 

known reflectors, are not recommended for austenitic stainless steel welds. 

Peak voltages from "grain scatter" were often as large as signals from defects, 

and this would result in erroneous defect reports. Further signals from 

notches were often buried in grain noise, thus, obscured, and these defects 

would be missed by classical test methods. It should be realized that our 

comparison here is for broadband testing. We would expect some improvement 

in classical signal amplitude correlation with defects if the test were narrow 

band and in the proper frequency range. Further, the broadband results, 

specifically the isometric plots of frequency response, v/ould be a proper 

tool to deduce the appropriate narrow band range to choose. 

6. For examination of critical welds, a multi-algorithm inspection 

scheme is proposed. One algorithm, such as the moment algorithm presented 

here, would be used to locate areas which are potentially defective. Other 

algorithms, such as frequency analysis, cepstrum analysis, or phase front 

analysis, would be used to size and provide positive defect identification 

along with a more detailed interrogation of the suspect areas. 
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