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SUMMARY:

RESUME

Defect detection and reproducibility of results are two separate but closely related
subjects. It is axiomatic that a defect must be detected from examination to exami-
nation or reproducibility of results is very poor. On the other hand, a defect can
be detected on each of subsequent examinations for higher reliability and still have
poor reproducibility of results.

I. INTRODUCTION

This paper is not intended to be a definitive treatise on the variables of
ultrasonic examinations which cause poor reliability for detection of defects and poor
reproducibility of results; the paper is intended to be a discussion of the variables
and examples of problems caused by the variables. It is hoped that such a discussion
can produce more interest into performance of research to minimize the variables.

An indication of" the emphasis that is placed on reliability and detection is
that of the Electric Power Research Institute (EPRI) Pressure Vessel Study Group [1].
This is a group of experts in the field of Materials, Design, Fabrication, and Nonde-
structive Evaluation. At a recent meeting, the group evaluated twelve important prob-
lems ranging from feedwater nozzle cracking to corrosion fatigue, material processing
needs, fabrication aspects, and nondestructive testing. The concensus of the group
was that the most pressing problem today was reliability of flaw detection and accu-
rate sizing of the detected flaw.

Another indication is a workshop session of nondestructive testing experts
that was held at Germantown, Maryland on September 30, 1975 to discuss the problems
associated with detection of stress corrosion cracking [2]. The workshop showed that
experience indicates that, during inservice inspection of austenitic piping systems in
nuclear power plants, the ratio between geometrical reflectors and defects is approxi-
mately 1000 to 1. This ratio has a serious impact on inservice inspection. First,
each reflector signal must be recorded and evaluated to establish that it is from
geometry introduced during fabrication rather than an actual flaw. These evaluations
must be performed under adverse working conditions such as limited access, tempera-
tures that may reach 180°F, high humidity, radiation fields that can reach 5 R per
hour, and the necessity to vrear anticontamination clothing. In addition, there are
problems in as-fabricated weld joints including too large weld crowns, too rough a
weld crown, unknown location of counterbore on inside diameter, differing counterbore
angles, unknown contour and location of the inside weld root bead, and space limita-
tions which may allow inspection from one side of the weld joint only. Add to this
list the other variables, and one can easily see the magnitude of the reliability/re-
producibility problem.
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A further indication of the importance and the need to improve inspection
techniques is the round robin program conducted by EPRI [1] which had five examination
agencies examine fifteen 10-inch (250-mm) diameter stainless stee] pipes and five
4-inch (tOO-mm) diameter stainless steel pipes and welds. Seven of the 10-inch and
three of ehe 4-inch samples contained stress corrosion cracks, one of the 10-inch
samples had a chisel mark for a geometrical indication, and the rest had the usual
weld crown and weld root and counterbore geometry. The reliability of detection of
the teams varied quite widely. Team A correctly identified all of the stress corro-
sion cracks in the 10-inch pipe weld and also called the chisel mark and geométrica]
indications in three of the other 10-inch cracked samples. Ter\m A's success was not so
good on the 4-inch pipe welds. Only one of the three stress corrosion cracks was cor-
rectly called and, in addition, one of the uncracked samples was called to have a stress
corrosion crack. On the other hand, Team E only called out one of the stress corrosion
cracks in the 10-inch sample and none in the 4-inch samples when using their own pro-
cedure. When using a procedure developed by EPRI, this team improved and correctly
detected two of the stress corrosion cracks in the 10-inch pipe but countered this by
calling two of the geometrical indications cracks in the uncracked pipe.

The problems of reliability of defect detection and reproducibility from
examination to examination are two separate subjects but yet are quite closely related.
For purposes of this paper, reliability of detection (reliability) is defined as "the
statistical variation in the detection and recording of a given defect by examinations
performed at various times, with various ultrasonic systems, and with various person-
nel." Reproducibility is defined as "the statistical variations in the recorded ampli-
tude and calculated size of the given defect from examination to examination with
various ultrasonic standards, various ultrasonic systems, and various personnel."

Reliability should increase with time due to improved equipment and tech-
niques. On the other hand, reproducibility. especially for manual examinations, will
decrease.

Reproducibility of a manual examination becomes less satisfactory as the time
between the initial examination and subsequent examination grows into years. The ini-
tial problem of data reproducibility using manual techniques is that the operator in-
troduces variables such as pressure on the transducer, the precise scan path over the
material, the exact direction the transducer is pointing, and accuracy of reading the
cathode ray screen presentation for recording. Variables that are introduced by time
are improvements in ultrasonic instruments, search units, and the entire ultrasonic
system and improvements in technique. It is very difficult for personnel trained in an
improved technique to perform an examination in accordance with techniques used several
yeirs past. This does not imply a change in procedure, but only that experience has
shown better ways to perform within a procedure.

II. DISCUSSION

Ultrasonic examination techniques are widely used throughout industry and are
relied upon to ensure that a component does not contain any defects which would make
the component unsuitable for service. Ultrasonic examination is a comparative tech-
nique; that is, the ultrasonic system is calibrated against a certain standard; and
the results obtained from the examination of the component are compared against that
standard for acceptance. The fact that the attenuation of the ultrasound varies from
standard to standard is only one of the variables that affect reliability of detection
of a defect and reproducibility of results. Some of the other variables are qualifica-
tion of personnel, data recording techniques, different brands of ultrasonic instru-
ments, variability of search units, and different techniques utilized to analyze the
data.

One important difference between reliability and reproducibility is partially
illustrated by the example of variability of reference standards previously cited.
That is, a large difference in the gain setting of the ultrasonic instrument due to
variability of standards can change a given defect from below the recording level to
above the recording level. Thus, reliability could be poor. However, if the gain
setting is sufficient to record, changes in gain may have little practical effect on
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reproducibility. For example, on a given defect and a given instrument gain and using
the 6 dB drop method of sizing, a defect with a maximum amplitude of 100 percent would
be sized from 50 percent to 50 percent. Increasing instrument gain by a factor of two
would produce a maximum amplitude of 200 percent, and the same defect would be sized
from 100 percent to 100 percent. Experience and experiments have shown that the change
in calculated size is negligible over changes in gain setting of approximately 5X.
Therefore, although reproducibility has been defined, the most important portion of the
definition is "reproducibility of a calculated defect size."

One example which illustrates the effect that one variable can have on reli-
ability and reproducibility is the Pressure Vessel Research Committee (PVRC) Round
Robin Tests. These tests were made on heavy-section plates containing known deliber-
ately placed welding flaws and passed from examination agency to examination agency to
determine ultrasonic reliability and reproducibility. On the first plate of the round
robin, each examination agency used its own procedure. The results were, to say the
least, quite startling, and it appeared to some that a different plate had been
examined by each agency. Reliability of defect detection varied from a very low per-
centage to well over 100 percent (more defects were recorded than were in the plate).
Reproducibility from agency to agency was, as previously implied, practically zero.
The next step was to devise a common procedure and again send the plate out on round
robin. The results this time were significantly better, with a reliability of better
than 90 percent; reproducibility was still quite divergent when considering the dif-
ferent amplitude and character assigned to individual defects by the various agencies.

Recent Southwest Research Institute (SwRI) experience bears out this detection
capability. Comparison of the data obtained on over 700 geometrical indications found
during preservice and successive inservice examinations indicated that the reliability
of detection and reproducibility of recording at the same amplitude was 94 percent with
a scatter band of plus or minus 6 dB. These examinations were performed using the same
procedure; but, with various personnel, instrumentation, and search units, a number of
94 percent is not much different from that obtained on the PVRC program and seems to
indicate that this is about the level of reproducibility that can be obtained when all
of the other variables exist.

With this general discussion, each of the variables will be individually dis-
cussed as to their effect on reliability and reproducibility.

II. 1 Procedure.

As stated above in the instance of the PVRC round robin test block, the proce-
dure utilized can have an effect on reliability and reproducibility. The procedure is
a document which specifies the size of search unit, frequency, ultrasonic instrument,
reference standard, and other variables to be utilized. A procedure also specifies the
method of standardization, method and amount of data recording, data analysis, and
other variables which would affect reliability and reproducibility. The procedure,
therefore, might be described as a central point from which all variables omanate.

The procedure can improve reliability and reproducibility by defining and/or
limiting some of the variables. For example, the procedure can limit use to one spe-
cific model of ultrasonic instrument, one size and shape of search unit, one frequency,
a specific and detailed method of calibration, a specific method of scanning, and spe-
cific requirements for recording and data analysis. Although not usually a procedure
requirement, management can also improve reliability and reproducibility by providing
specific training in the work to be performed and in use of the procedures. This is
similar to training and qualifying a welder on a particular weld joint design before
making a production weld.

II.2 Standards

Standards can have a profound effect on detectability. To illustrate, if one
reference standard has 2 dB ultrasound attenuation per inch of beam travel and another
reference standard has 20 dB ultrasound attenuation per inch of beam travel, this would
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cause a 10X variation in the signal received from a given defect. Thus, in one case,
the signal might be 100 percent and, in the other case, only 10 percent. The 10-
percent level would almost certainly be below the recording level and could also be
lost in the noise level. It might be stated that variations of 20 dB between standards
should not be allowed. This-may be true; however, such a variation has been observed
by the author in more than one instance. Just recently, such a variation occurred in
two ultrasonic reference standard blocks fabricated from A-533 Grade B steel; the dif-
ference was principally due to the amount, distribution, and size of the nonmetallic
inclusions.

U.3 Ultrasonic instruments

Each manufacturer of commercial ultrasonic instruments uses different cir-
cuitry and different methods to attain what, in the manufacturer's opinion, is the best
instrument for general use. Some instruments have broad band pulsers and broad band
receivers, while others have broad band fulsers and narrow band receivers or other com-
binations. Each of these combinations can produce a different response from a natural
defect, even though calibrated upon the same standard.

TI.4 Search units

Commercial search units are quite variable with respect to" frequency, fre-
quency response, beam spread, and beam profile. In addition, there are the variations
contributed by shape (round, square, or rectangular),.the size of active element, and
the shape and efficiency of the wedge.

The search unit size and frequency must be carefully selected for each test
application. The distance versus amplitude characteristics of the search unit should
be well understood. The size and frequency of the search unit dictate the geometry of
the propagated beam. However, it should be empirically plotted using the flaw detec-
tion instrument that will be used for the test. The character of the distance versus
amplitude abilities of the search unit must meet the requirements of the test applica-
tion. All too often, the beam spread and distance versus amplitude characteristics of
the search unit are not given due consideration when the test procedure is conceived.

A recent study was conducted on the 10-inch and 4-inch diameter stainless
steel pipe stress corrosion rrack specimens used in the EPRI round robin examination
previously discussed [1]. This study investigated some of the fundamental ultrasonic
response characteristics, radiofrequency waveform, and frequency spectrum analysis of
the reflected signal from these cracks. A variation of instrument types representing
wide-bandwidth, medium-bandwidth, and na row-bandwidth pulsers and receivers were used.
Also, a variety of search unit types, designed specifically for this study, displayed
incremental differences in operating characteristics such as:

Frequency: 1.0, 1.5, 2.0, 2.25, 2.5, 3.0, and 5.0 MHz

Damping and Bandwidth: Wide, Medium, and Narrow.

The data, while still in the procf .;s of being analjzed, have indicated that there tre
definite preferred combinations r-i instrument and search unit characteristics. The
frequency spectrum and radiofre juency waveform analysis help to explain why the perfor-
mance of the different combinations varied from little or no detection of through-wall
cracks to clearly defined detection of the smaller cracks.

In the opinion of the author, this work further defines the need for specific
instrument and search unit designs for specific test applications.

II.5 Qualifications of personnel

The results of manual examinations are entirely dependent upon the training
and integrity of the personnel performing the examination. In other words, if the
operator does not perform the examination in accordance with the procedure or does not
pay attention to the job, significant data may be missed; this affects both reliability



RELIABILITY VERSUS REPRODUCIBIHTY

and reproducibility. Manual examination requires that the operator he trained to recog-
nize and record data, be conscientious in performance of this duty, and work in such a
manner as not to becvme overly tired. Experience has shown that, after twelve to four-
teen hours of looking at an ultrasonic screen, un operator is seldom conscientious,
alert, or enthusiastic.

Practically all industrialized countries have programs to certify the compt-
tence of ultrasonic operators at various levels. These certification programs show
that the operator has sufficient technical knowledge to pass the written examination
and, at the time of a practical test, could calibrate the instrument and detect the re-
quired number of indications. This does not necessarily mean, however, that the oper-
ator can and will be able to perform competently under actual field conditions.

II.6 Data anal)si s

The ultrasonic operator must analyze the presentation upon the screen of the
ultrasonic instrument to determine if tiie indication is (1) from metallurgical charac-
teristics of the material, (2) from geometrical discontinuities such as a weld root,
weld crown, and/or machining for weld preparation, or (3) from an actual defect. Once
the ultrasonic operator has deemed the indication to be from a defect, the indication
must be analyzed as to the character of the defect (slag, porosity, crack, lack of
fusion, and so forth). He must also calculate the size to determine if the indication
constitutes a rejectable defect.

Performance of these functions can affect both reliability and reproducibility.
An example is a recent program conducted by EPRI, where five examination teams examined
sections of stainless steel pipe which contained stress corrosion cracking and was
removed from operating nuclear power plants. The performance of the teams with respect
to reliability varied widely. One team found 100 percent of the defect indications,
and another team found less than half. However, the team which found all of the defect
indie.itions also determined that several geometrical indications were also defects,
while the other team correctly identified these as geometrical. This illustrates that
it is easy for an ultrasonic operator to assess that all indications are defects and be
100 percent correct. However, this leads to excessive rejections and repair and also
downgrades effectiveness of the ultrasonic technique to correctly identify the ultra-
sonic defects. On the other hand, if the ultrasonic operator does not correctly
identify a defect, this also downgrades the effectiveness of the ultrasonic technique.
Only training and experience coupled with conscientious attention to duty can provide
the ultrasonic operator with the necessary tuols to correctly identify defects and
calculate their size.

One solution to this probiere of identification is in ASME Section XI, Appen-
dix I, where all indications are assumed to be cracks unless it can be proven that they
are from metal luigical or geometric sources. Once aTi indication is deemed to be from
a defect, set rules are provided to calculate the size.

II.7 Data recording

It is very difficult to get personnel to record all of the information desired
when manual examinations are performed on a routine basis. With the large amount of
data that is required by the current edition of Section XI, it becomes more and more
important to indoctrinate examination personnel in the need to take complete and accu-
rate data. Boredom and inattention can result v.'ben personnel are searching for a de-
fect among a large number of geometric reflectors. As an example, the Institute re-
cently recorded 462 separate geometric indications on a 22-inch (55ö-mm) diameter pipe
weld that had been made with an open root and .tip.nual shielded metal arc process. In
addition to the time-consuming cost of recordirg such a large number of geometric in-
dications, there is also the loss of time of personnel required to evaluate that each
indication is from geometry and not from an actual defect.
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III. SUMMARY

Defect detection and reproducibility of results are two separate but closely
related subjects. It is axiomatic that a defect must be detected from examination to
examination or reproducibility of results is very poor. On the other hand, a defect
can be detected on each of subsequent sxaninations for higher reliability and still
have poor reproducibility of results. Detection and reproducibility are also influ-
enced by the same variables. The most important variable is the procedure, as this
defines parameters for controlling the other variables. The second most important
variable is personnel--their training, qualification, integrity of data recording, and
skill in data analysis.
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