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FOREWORD 	This report contains the findings of an experimental program with the objec- 
tive of evaluating the applicability and limitations of ultrasonic procedures cur-

By Staff rently used to characterize weld flaws. The investigation also included other 

	

Transportation 	ultrasonic techniques not in general use but having potential application for deter- 

	

Research Board 	mining the dimensions of weld flaws. The report contains recommendations for 
immediate application and suggests additional research that will be required for 
long-term improvements in current practice. 

There is an urgent need for ultrasonic testing procedures that can be used to 
measure the dimensions of weld discontinuities with sufficient accuracy to permit 
evaluation using a fracture-mechanics approach. Most State transportation agen-
cies use the provisions of the American Welding Society Structural Welding Code 
AWS Dl. ito determine the acceptability of structural welds These provisions are 
based on an assumed relationship between the ultrasonic 'Indication Rating" and 
flaw size. Experience has indicated that this relationship may not be valid. Re-
search is needed to advance ultrasonic testing procedures, using equipment pres-
ently available, that will permit accurate measurement of the dimensions of flaws 
common to weldments. These procedures are needed for use in both shop and field 
inspection of weldments to determine acceptance during construction and for 
in-service evaluation. Reliable procedures fOr ultrasonic testing would obviate the 
costs and delays of unnecessary repairs and reduce the probability that defects 
that may lead to structural failures will be improperly evaluated. 

The objective of NCHRP Project 10-13, "Ultrasonic Measurement of Weld 
Flaw Size," was to identify or develop, and to validate, ultrasonic testing proce-
dures for accurate measurement of flaw dimensions that will allow fracture- 
mechanics. analysis. 

This study was addressed primarily to evaluation of complete joint penetra-
tion groove welds containing such planar-type flaws as cracks, incomplete fusion, 
or incomplete penetration. The investigation also included some consideration of 
slag inclusions. 

An experimental program was carried out on specimens containing a repre-
sentative spectrum of defects having various dimensions, locations, and orienta-
tions. It was shown that AWS Dl. 1 ultrasonic testing procedures cannot be used 
to reliably characterize weld defects. Other currently available techniques were 
investigated, and recommendations for immediate and long-term improvements 
are included in the report. 	. 

A follow-up phase of research is expected to be initiated, in mid-1982, with the 
objectives of (1) developing recommendations for application of tandem-probe 
techniques for the characterization of vertical, planar defects and (2) refining the. 
time-of-flight system for sizing through-thickness flaw dimensions. 
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ULTRASONIC MEASUREMENT OF 
WELD FLAW SIZE 

SUMMARY 	The research conducted under NCHRP Project 10-13 showed that several 
invalid assumptions are made in the AWS Dl.! Code which have contributed to 
the generally unreliable nature of the predictions. There was a tendency for small 
slag lines to be rejected (requiring repair), whereas more severe defects, such as 
cracks, were accepted on some occasions. Also, disagreement on acceptance or 
rejection was often found when different qualified operators were used. However, 
detection capability appeared to be adequate and a slight variation in equipment 
had little effect on the results. 

The probe movement and time-of-flight techniques for defect through-
thickness size measurement were subject to errors, although the time-of-flight 
tests gave significantly better results. These errors were such that in the case of 
probe movement up to 0.31 in. (7.9 mm) may have to be added to the measured 
size in order to be 95 percent sure that the actual flaw size did not exceed the. 
measured value. For the time-of-flight technique the figure was 0.17 in. (4.3 mm). 
Operator variability increased the errors marginally for the probe movement tests 
only. 

Because of the simplicity of the equipment employed, difficulty was experi-
enced in interpreting the time-of-flight display in some cases. Modifications to the 
equipment would have to be made to ensure reliable interpretation. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

PROBLEM STATEMENT 

To ensure the integrity of steel highway bridges there is an 
urgent need for ultrasonic testing procedures that can be 
used to measure the dimensions of weld discontinuities 
(flaws) with sufficient accuracy to permit evaluation using a 
fracture mechanics approach. Most state transportation 
agencies use the provisions of the American Welding Society 
Structural Welding Code AWS D.l. (1), referred to hereafter 
as the Code, to determine the acceptability of such structural 
welds. These provisions are based on an assumed relation-
ship between the ultrasonic "Indication Rating" and flaw 
size. Experience indicates that this relationship may not be 
valid. Research is needed to advance or develop ultrasonic 
testing procedures, using equipment presently available, that 
will permit accurate measurement of the dimensions of flaws  

common to weidments. These procedures are needed for use 
in both shop and field inspection of weidments to determine 
acceptance during construction and for in-service evalua-
tion. Reliable procedures for ultrasonic testing will obviate 
the costs and delays of unnecessary repairs while reducing 
the possibility of defects, which, being improperly evaluated, 
may lead to structural failure. 

RESEARCH OBJECTIVE AND SCOPE OF PROJECT 

The objectives of this study are (1) to quantify the defect 
assessment performance of the AWS 131.1 procedures and 
(2) to identify or develop, and to validate, ultrasonic testing 
procedures that will give the dimensions of flaws with suffi-
cient accuracy to allow them to be analyzed by fracture 
mechanics. 



The tasks necessary to accomplish the objectives include 

the following: 

Task 1. Undertake a literature survey and use informa-
tion found where appropriate. 

Task 2. Evaluate the applicability and limitations of 
AWS Dl. 1-80 ultrasonic testing procedures for determining 
the dimensions of flaws in welds. (The AWS 131.1-80 code, 
effective from January 1, 1980, was used as the source docu-
ment for this work. It is recognized that this is now super-
seded by D1.1-81, effective from January 1, 1981, in which 
detail has been changed.) 

Task 3. Develop procedures that expand or extend 
available ultrasonic techniques and have a potential for ac-
curate measurements of flaws typically found in structural 
weldments. 

Task 4. Evaluate the accuracy, precision, reliability and 
reproducibility of the techniques. 

Task 5. If successful, prepare written procedures and 
specifications appropriate for use by state transportation 
agencies for bridge welds. 

Task 6. Prepare a final report that includes research 
findings and recommendations for possible additional study. 

The literature was continually surveyed during the course 
of the project and the findings are summarized in Chapter 
Two. A detailed description and assessment can be found in 
Appendix B. 

The experimental work consisted of manufacturing a set of 
steel specimens containing defects; testing them using the 
various ultrasonic techniques and procedures; destructively 
testing some of them to reveal the true size and nature of the 
defects; and finally assessing the accuracy of the various 
techniques by comparing the ultrasonic data with measure-
ments from the destructive tests. At this stage, fabrication 
defects only have been examined and service defects such as 
fatigue cracks have not been investigated. 

RESEARCH APPROACH 

This report seeks to comment on the performance of the 
AWS Code in relation to butt welds in fracture critical 
members in steel bridges and presents other nondestructive 
techniques that can be used in conjunction with fracture 
mechanics assessments of such members. 

Four principal methods of nondestructive evaluation 
(NDE) are used to detect and assess weld defects: magnetic 
particle testing, dye penetrant testing, radiography, and 
ultrasonic testing. Of these, only radiography and ultrasonic 
testing have the ability to detect embedded defects. Although 
radiography is useful for detection and length measurement, 
particularly of volumetric defects (e.g., slag inclusions and 
porosity), ultrasonic testing is generally considered to be the 
only method which has the potential ability to detect and 
assess all defect types with sufficient accuracy to interface 
with a fracture mechanics approach to defect acceptance. 
This work is concerned with realizing this potential. 

Figure 1 shows the essential elements of an ultrasonic test. 
A beam of energy in the form of pulses of mechanical vibra-
tions (usually in the 2 to 6 MHz frequency range) islaunched 
into the testpiece by means of a piezoelectric transducer. 
When this beam strikes a boundary, reflection takes place 
and the reflected beam can be detected by the same, or in  

some cases a separate, transducer. The nature and size of the 
returning signal are governed by the nature of the reflector. 
The electrical pulses to drive the transducer and means of 
amplifying and displaying the returned signal are provided by 
a flaw detector set. Figure 2 shows a typical manual ultra-
sonic test being performed. It should be borne in mind that 
the foregoing is a very simplistic description: a more compre-
hensive overview is included in Appendix A. 

It is not difficult to appreciate that problems are likely to 
be encountered in establishing accurate details of embedded 
flaws from indirect information supplied in the form of re-
flected ultrasonic pulses. The factors influencing signal pa-
rameters are many and varied. First, the performance of the 
transducer generating the ultrasound is critical if a signal of 
adequate strength, smooth pulse shape, and uniform energy 
distribution is to be generated. Furthermore, transducer 
dimensions control beam characteristics (e.g., size and 
divergence (2)) and variation in contact between the probe 
and a rough surface can modify beam characteristics (3). 
Second, the morphology of the flaw, size, overall shape, 
overall complexity, surface roughness, orientation, and dis-
tance from the transducer greatly affect its response. Third, 
metallurgical effects, especially in complex areas such as 
weldments, can influence propagation of the ultrasound (4). 

The vast majority of ultrasonic teSts are conducted 
manually with relatively simple equipment, so it is not pos-
sible to consider these many interrelated variables. Simplify-
mg assumptions are made in order to be able to perform a test 
(more details are given in Appendix A), which therefore can-
not fully account for these effects. The emphasis of current 
research (5, 6, 7, 8) is to quantify the result of such assump-
tions to establish what errors are likely to occur as a result. 

All ultrasonic defect assessment techniques are affected to 
some degree by the foregoing considerations. Nevertheless, 
it is possible to reduce measurement errors by choice of a 
suitable test method. 

Specimens 

The steel material employed conformed to ASTM A36 (a 
typical structural grade steel) in thicknesses of /8 in. (10mm), 
164n. (40 mm) and 33%  in. (95 mm). 

The specimens were produced in one of two ways: using 
conventional fusion welding processes with bevelled joint 
preparations and relying on the skill of the welder to intro-
duce the defects desired in a controlled manner; or by the 
diffusion bonding technique for producing embedded defects 
of accuately known size. 

The following defects were included in the fusion welded 
specimens: 15 weld metal cracks, approximately 2 in. (50 
mm)) long (2c dimension), ranging from '/s to 3%  in. (3 to 18 
mm) in through-thickness (2a dimension); 13 incomplete fu-
sion defects, all approximately 2 in. (50 mm) long and ranging 
from 1/16 to 5/16 in. (1.5 to 8 mm) in through-thickness; and 
7 slag lines all approximately 2 in. (50 mm) long by '/s in 
(3 mm) in through-thickness. In principle, slag is introduced 
by inadequate interrun cleaning, incomplete fusion by very 
low heat input techniques and cracking by either encouraging 
centerline shrinkage (solidification cracking) or by inducing 
a brittle fracture through a partially completed weld (referred 
to as freeze-break cracking). The fusion welded specimens 
were designed to be similar in all respects to welds found in 
steel bridges. From previous work (4) it can be assumed that 
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different materials (within the ferritic steel range commonly 
used for bridges) and welding processes (except electroslag 
welding) would not affect the findings presented in this re-
port. 

The diffusion bonding specimens contained eight planar 
embedded recesses (i.e. of minimal width), all 1-3/16 in. (30 
mm) long, ranging from Vs to '/2-in. (3 to 12 mm) in through-
thickness, and at various orientations. 

Full details of all the specimens and their manufacture can 
be found in Appendix C. 

Ultrasonic Tests 

In the evaluation of AWS Dli, equipment, calibration, 
and procedures were all as required by the Code and experi-
mental work was conducted to assess the capability of defect 
detection and the suitability of the accept/reject levels. In 
these tests, termed "laboratory tests, control was exer-
cised over transducer scanning and operator variables. The 
effects of equipment and operator variability were assessed Figure 2. Manual ultrasonic lest. 



separately. In all cases the procedures appropriate to new 
bridges were employed. 

Two "improved" techniques for defect sizing have been 
evaluated: "probe movement" and "time-of-flight anal-
ysis." The former uses conventional equipment, and a defect 
size is determined from the way the amplitude of the received 
signal rises and falls as the ultrasonic beam passes over it. 
This is in contrast to AWS Dl. I which uses only the position 
and magnitude of the maximum signal from the defect. Probe 
movement is commonly used in the United Kingdom for 
defect measurements being specified in reference documents 
(9, 10) and standards (11) and included in the requirements 
for certification of weld inspectors using ultrasonics under 
the CSWIP scheme (9). 

The time-of-flight technique uses time, rather than ampli-
tude, data and more specialized equipment is necessary to 
measure the arrival times of signals received from the defect 
extremities. The accuracy of the technique has been demon-
strated previously using essentially laboratory equipment 
(5). In the current work a simplified version, suitable for shop 
and site uses, was evaluated. 

Both techniques were evaluated with respect to the accu-
racy with which they could measure defects using controlled, 
laboratory tests. The effect of operator variability was also 
assessed. 

Full details of the ultrasonic equipment and personnel are 
given in Appendix D. 

CHAPTER TWO 

FINDINGS 

SUMMARY OF LITERATURE SURVEY FINDINGS 

Details of the literature survey can be found in Appendix 
B. 

Literature relevant to this project was divided into two 
parts: that dealing with problems experienced with the AWS 
Dl.l code and other codes of a similar type; and that dealing 
with better techniques for defect assessment. 

The AWS code is not alone in using amplitude of response 
as the main criterion for assessing the severity of a defect. 
Several instances have been reported where problems with 
this type of code have been experiened. Perhaps the most 
glaring example was a round-robin evaluation of the ASME 
Code (12) for ultrasonic testing conducted under the auspices 
of the PVRC in the United States (13) and of the plate inspec-
tion steering committee (PISC) in Europe (6). Very large 
defects were reported in some cases as being acceptable 
simply because the orientation of the defect was such that 
only a small response was obtained. As a result of this exer-
cise, the ASME Code Secti,n XI (Inservice Inspection of 
Nuclear Components) now contains a form of probe move-
ment sizing. A second PISC exercise is now in the planning 
stage. 

Other examples of this sort of problem have been given in 
papers evaluating AWS procedures (14) and in ones compar-
ing results from tests carried out to AWS procedures with 
those from other test procedures (notably ASME) (15). The 
inapplicability of an amplitude method, for example, (16), for 
defect size measurement has been demonstrated (5). 

The poor reliability of using signal amplitude as the main 
arbiter of defect size or "severity" is recognized in many 
quarters and probe movement sizing techniques seek to over-
come this difficulty. However, although amplitude is not 
used as the basis for the probe movement technique as such, 
the way in which a defect's shape influences the rise and fall 
of a signal as a transducer is traversed across it has a pro-
found effect on accuracy. Studies (5, 8, 17) have demon-
strated that defect size measurement errors are inherent 
when using such methods and as such they do not offer a  

panacea for testing inaccuracies. Nevertheless, if these 
errors can be quantified, a notion of reliability of the tests 
may be built up from which realistic input data for fracture 
mechanics calculations may be drawn. 

Many more advanced defect assessment methods have 
been studied on a worldwide basis in an attempt to get more 
reliable data, but in most cases experimental data have been 
derived from simple geometric discontinuities rather than 
real weld flaws (e.g.,(l8)). It should also benoted that some 
of the techniques studied (e.g. holography (19)) would be 
difficult to apply to shop and site situations. 

The ultrasonic sizing techniques chosen for this study were 
those which appeared to combine an ability to measure real 
defects with practical applicability. In addition to these the 
literature search suggests that two additional techniques 
would be worth evaluating in future studies: (1) the use of 
electromagnetic-acoustic transducers (EMATs), and (2) 
signal processing using computer analysis. The former pro-
vides a means of generating ultrasound without the use of a 
piezoelectric-crystal. Oscillation of an AC electrical pulse in 
a small coil within a magnetic field produces ultrasound at the 
specimen surface. The coils can be configured to produce 
different wave modes and beam angles, and no contact with 
the surface via a coupling layer is required. EMATs are being 
evaluated for use in the pipeline industry with at least partial 
success (20). The latter have the advantage that large 
amounts of data can be simply recorded at the test site and 
analyzed subsequently off-site. Such equipment is discussed 
further in subsequent chapters. 

EVALUATION OF AWS D1.1 -80 

Details are included in Appendix E. 
\ 

Theoretica! Considerations 

The AWS Dl.l procedures for ultrasonically assessing 
weld defects are neither suitable nor intended for use in 
conjunction with fracture mechanics analyses. Like most 
defect acceptance codes Dl. 1 is based on a "workmanship" 



TABLEI 
ULTRASONIC ACCEPTANCE/REJECTION CRITERIA (TABLE 9.25.3 FROM AWS DI.I-80) 

Weld thickness and search unit angle 

5/16 >3/4 
Flaw to to >l-l/2to2-1/2. >2-1/2to4 .>4to8 

severity 3/4 1-1/2 
elm 700 70°  70°  600 450  70° 60° 45° 70°  60° 450 

CassA +10& +8& +4& +7& +9& +l& 44& +6& —2& +l& +3 
lower lower lower lower lower lower lower lower lower lower lower 

Class B +11 +9 +5 +8 +10 +2 +5 +7 —1 +2 
+6 +9 +11 +3 +6 +8 0 +3 +5 

Class C +12 +10 +7 +10 +12 +4 +7 +9 +1 44 +6 
+8 +11 +13 +5 +8 +10 +2 +5 +7 

(3assD +13 +11 +9 +12 +14 +6 +9 +11 +3 +6 +8 
& .up &up & Uj &up &up &up &up &up &up &up &up 

Notes: 

Claw B and C flaws shall be separated by at least 2L, L being the length of the longer flaw, except that when two or more such flaws 
are not separated by at least 21., but the combined length of flaws and their separation distance is equal to or less than the maximum 
allowable length under the provisions of Class B or C, the flaw shall be coundered a single acceptable flaw. 

Class B and C flaws shall not begin at a distance less than 2L from the and of the weld, L being the flaw length. 
Flaws detected at "scanning level" in the root face area of complete penetration double groove weld joints shall be evaluated using 
an indication rating 4 dB more sensitive than that described in 6.19.6.5 when such welds are desigoated as "tension welds" on the 
drawing (subtract 4 dB from the indication rating "d"). 

Class A aarge flaws) 
Any indication in this category shall be rejected (regardless 
of length). 

Class B (medium flaws) 
Any indication in this category having a length greater than 
3/4  inch (19 mm) shall be rejected. 

Class C (small flaws) 
Any indication in this category having a length greater than 
2 in. (51 mm) in the middle half or 3/4 inch (19 mm) length 
in the top or bottom quarter of weld thickness shall be rejected. 

Class D (minor flaws) 
Any indication in this category shall be accepted regardless of 
length or location in the weld. 

Scanning levels 

Sound path 	 Above zero reference, dB 

to 2-1/2 (64 mm) 	 20 
> 2-1/2 to 5(64-127 mm) 	 25 
> 5-10 (127-254 mm) 	 35 
> lOto 15(254-381 mm) 	 45 

approach (i.e. a general arbitrary control is kept on the level 
of quality). It is common practice in workmanship codes to 
state that planar defects (e.g. cracks and lack of fusion) are 
not acceptable and that nonplanar defects (e.g. slag inclu-
sions and porosity) are acceptable in small specified quanti-
ties. It should be noted that differentiation between these two 
defect types is readily achieved from radiography, the tradi-
tional volumetric inspection method. 

The AWS code does not use this approach for ultrasonic 
testing, but assumes that the defect, irrespective of type, 
reflects ultrasound in proportion to its effect on the integrity 
of the weld. 

Whether a defect is acceptable oi not is determined, first, 
by establishing its "d" rating based on echo amplitude 
(obtained by following the procedure laid down in part 6C of  

the Code), and, second, by referring this value to Table 
9.25.3 of the Code (for tension welds in new bridges), as 
shown in Table 1 of this report. Use of the table permits 
classification of the defect into Class A (unacceptable under 
all circumstances), Class D (acceptable under all circum-
stances), or Classes B and C where defect length is also taken 
into consideration. 

What such classification means in terms of size of defect 
that is required to be rejected is difficult to determine. Varia-
bility of essential parameters from test to test will almost 
certainly produce the situation whereby the size of defect 
deemed to be rejectable is not constant, as such variation 
could change defect response sufficiently to permit different 
classification. The philosophy behind the AWS Code accept-
ance criteria is summarized in Figure 3 (21) which shows the 



accept/reject levels of the Bridge Code Section of AWS Dl. 1. 
This depicts the zones in which defects are accepted or re-
jected on the basis of amplitude of response alone (below and 
above the hatched zone respectively) and the hatched zone 
in which acceptability is based on such other factors as length 
and separation of flaws. These levels are related to the defect 
through-wall size, expressed as a percentage of the material 
thickness, which it is assumed will produce a given ultrasonic 
signal amplitude, depending on angle of incidence, as shown 
on the left of the figure. The assumed relationship between 
amplitude, defect percentage through-wall size and increas-
ing material thickness is shown in the figure as a series of 
diagonal lines. It may be seen that defects of only a very 
small percentage of the material thickness in through-wall 
size are expected to be rejected. This very low rejection 
threshold was derived from the requirement that the ultra-
sonic testing code should parallel the radiography code in 
which a sensitivity of 2 percent (of thickness) is required. As 
can be seen from Figure 3 the ultrasonic code also allows for 
the fact that achievable radiographic sensitivity (expressed 
as a % of thickness) tends to increase with increase in thick-
ness. 

The process of assessment of a defect by radiography or 
ultrasonics consists of detection and measurement (or com-
parison with some standard) to determine whether or not it 
can be allowed to remain. It would appear logical to specify 
an ultrasonic procedure that is at least as sensitive as an 
existing radiographic procedure for detecting defects (i.e. 
able to detect a defect 2 percent of the wall thickness in 
through-thickness), and Figure 3 suggests that this is 
achieved. Nevertheless, there are differences in what the two 
techniques measure. Radiography gives no information on 
through-wall extent of defects, and planar (crack or crack-
like) defects are less likely to be detected than nonplanar 
(slag and porosity) defects. Defects are therefore rejected 
from radiography irrespective of size if they appear crack-
like, but whether slag or porosity is rejected depends on its 
lateral extent. 

On the other hand, the assumption that defects reflect 
ultrasound in proportion to their severity implies an assess-
ment of through-wall size by ultrasonic testing, although very 
indirectly. There is, however, no requirement for the ultra-
sonic operator to determine the defect type, acceptance or 
rejection being solely on amplitude of response with refer-
ence to Table 9.25.3 of the Code (see Table 1). 

Therefore, slag, porosity, and fusion defects are as likely 
to be rejected as cracks, which suggests that the ultrasonic 
flaw rejection criteria are slightly more severe than those of 
radiography. 

To give examples of what the Code sets out to do (referring 
to Figure 3): for a 0.4-in. (10-mm) thick material, defects 
greater than 4 percent of the wall, 0.016 in. (0.4 mm) in 
through-thickness size, would be just rejectable; and for a 
3.9-in. (100-mm) thick material, defects smaller than 1 per-
cent of the wall, 0.04 in. (1.0 mm) in through-thickness size, 
would be just acceptable. 

Many theoretically invalid assumptions are made in the 
formulation of the Code accept/reject levels. The major ones 
are: 

Amplitude of response is proportional to defect sever- 
ity. 

A unique relationship exists between beam-to-defect 
orientation and amplitude of response (i.e. if a 90° incidence 
is equivalent to 0 dB, a 70° incidence would be 6 dB less, a 

O  incidence would be 9 dB less, and a 45° incidence would 
be 11 dB less, see Figure 4). 

Transducer to defect distance can be allowed for by 
assuming a 2 dB per inch decay in amplitude after the first 
inch. 

Amplitude of response is often chosen as a parameter 
worth measuring in an ultrasonic test, but it is important to 
bear in mind that it is governed by defect type, shape, and 
orientation; material properties; and transducer-to-work-
piece coupling efficiency as well as defect size. Orientation 
is perhaps the most significant factor when planar defects are 
involved and, to allow for this, the Code considers that all 
defects might be in the most serious orientation from a frac-
ture standpoint, which is perpendicular to the direction of 
stress (in other words, generally a vertically oriented defect), 
Assumption 2 then comes into play to account for this (since 
for butt welds it is impossible to get a 90° orientation to a 
vertical defect, as illustrated in Figure 4). However, the 
variation of amplitude with orientation is a complex one and 
heavily dependent on defect size. This is demonstrated in 
Figure 5, which shows how larger defects exhibit a sharp 
fall-off in amplitude with misorientation, whereas for smaller 
defects, the fall-off is more gradual. This effect, which is 
covered in detail in the literature (8), is not accounted for in 
the AWS D1.1 Code. The amplitude fall-off rate assumed by 
the code is more gradual even for the smallest defect (0.21 in. 
(5 mm)), as shown in Figure 5. The assumption that defects 
are always vertical will also lead to an overestimation of the 
severity of defects that are more favorably oriented with 
respect to the beam (e.g. lack of sidewall fusion). 

Coupling variables will also affect amplitude of response. 
The efficiency of coupling will be affected by the nature of 
the workpiece surface, the coupling medium used, and the 
pressure exerted on the transducer. For material thicknesses 
up to 1.5 in (38 mm) there is only a 2 dB difference between 
acceptance and rejection. This magnitude of change (less 
than 25 percent) can easily be brought about by coupling 
variables alone (3). 

The final assumption regarding amplitude decay with dis-
tance is invalid because transducers have "near zones" in 
which the amplitude varies in an unpredictable manner. The 
length of the near zone is dependent on frequency and piezo-
electric crystal size. The value of 2 dB per inch does not 
correctly describe the theoretical response from small reflec-
tors outside the near zone, which is dependent upon defect 
size (16) and takes no account of attenuation variations 
which can profoundly affect distance—amplitude relation-
ships (22). 

The extent to which these theoretically invalid assump-
tions have an influence on the practical applicability of the 
Code can only be judged from experience of using the Code 
in practice and/or from experimental data. 

Experimental Evaluation 

Controlled Laboratory Tests 

As far as detection capability was concerned in this study, 
the scanning sensitivity was adequate to detect almost all 



900 700 600 450 '-Angle of incidence (see Fig 4) 

-26 -20 -17 -15 

-24 75-L3 

-20 -14 -11 -9 
-18-12-9 -7 11-000 

-12 - 6 - 3 -1 
-10 -4 -1 +1 Reject 

-8 -2 -1 +3 

-4 +2 - 5 i-7 
. L. 9 

-0 -*6 +9 +11 

+4 +10 413 415 
46 +12 +75 +17 

-40 +16 #19 -'-21 

i-14 *20 +23 *25 
Accept 

+78 ±24 +27 +29 
+20 +26 +29 -'-31 
-1-22 ~28 +31 -*33 
4-24 +30 +-33+35 
+ 26 -1-32 -+35 +37 Accept/reject depends on 

LJ flaw length and position 428 -1-34 +37 
+30 436 -'-39 -'-41 

+32 +38+43 
±34+40 4345 

I 	 I 	 I 	 II +36 +42 4547 

(0/ 
J /0 

1 /0 

0/
/ + 0 

3010 

9 0/ 
r /0 

9 5% 

025016 

Flaw through 
thickness size 
material thickness 
0/ 
/0 

OF 

02 	0.3 	04 	05 0.6 	0.8 	1.0 	1.5 	2.0 	2.5 3.0 	4.0 	5.0 60 	8.0 inches 

12.5 	 25 	 50 	 100 	150 	200 mm 
Material thickness 

Figure 3. Relationship between material thickness, flaw size, and predicted amplitude of response for A WS DI. I procedures. 
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Figure 4. Defect orientation relatii'e to ultrasonic beam. 

defects, and procedures were sufficient to allow the range of 
defects studied to be evaluated according to the Code. Out of 
the 91 tests on the 35 weld defects, on only two occasions 
were defects not detected and in each of these the flaw was 
deemed acceptable in other tests. In fact, the scanning sen-
sitivities in all cases were found to be very high, and a large 
number of small indications were revealed on the CRT 
screen. Considerable time was involved in evaluating these 
small reflectors, not associated with the intended defects 
under study, and all of them were found to be acceptable 
minor flaws. 

The diffusion-bonded defects were easily and reliably de-
tected irrespective of beam-to-defect orientation. Clearly, 
when the beam was normal to the defect a large echo would 
be expected as would be the case with a real planar defect. 
However, the surprising and unanticipated feature of the 
diffusion-bonded defects was that when the defect was mis-
oriented, strong echoes were still obtained from the defect 
extremities. Limited previous experience, mainly on smaller 
diffusion-bonded defects, did not highlight this feature. The 
extremity signals are thought to arise principally from dif-
fraction effects at the sharp, well-defined edges of these de-
fects. The diffracted signals were much greater in amplitude 
than those obtained from true planar defects, and, indeed, 
rendered the diffusion-bonded defects rejectable according 
to the Code in all cases. Because of this unrepresentative 
behavior, no further analysis was carried out on these 
defects. 

As far as the suitability of the accept/reject levels is con-
cerned, the experimental results show that the Code allows 
reliable rejection of incomplete fusion, slag inclusions, and 
the diffusion-bonded defects. However, the four flaws that 
were accepted by the controlled laboratory tests were all 
cracks and, while one was thought to be small and insignifi-
cant (defect 2), the other three were vertical cracks of 0.157, 
0.197 and 0.354 in. (4, 5 and 9mm) in depth respectively. This 
is of considerable concern as it is principally vertical cracks 
which the Code procedures are intended to detect and reject. 

Examination of the overall accept/reject decision for the 
population of defects studied shows there is a clearly defined 
transition from a pronounced tendency to accept to a pro-
nounced tendency to reject with increasing defect size at 7.5 
percent of wall thickness (see Figure 6). This value would 
therefore appear to be the effective accept/reject threshold 
for the AWS Dl.l procedures and indicates that larger de- 

fects are accepted than anticipated by Figure 3. (The maxi-
mum acceptable defect sizes according to Figure 3 are 2 
percent, just under 3 percent, and just under 4 percent of 
thickness for the three thicknesses of plate studied-3.9 in. 
(98 mm), 1.5 in. (40mm), and 0.4 in. (9.5 mm) respectively.) 
Overall defects greater than 7.5 percent of the wall thickness 
in size were not reliably rejected (i.e., in 30 percent of cases 
these were accepted, including vertical cracks). There was 
no correlation between probability of rejection and absolute 
flaw size (see Figure E-7, Appendix E). 

Furthermore, the greater tendency of the Code procedures 
to reject the more innocuous slag and obliquely oriented lack 
of fusion defects rather than vertical cracks means the result 
is not conservative in a fracture mechanics sense. Whether, 
in a practical sense, the Code would regard all flaws studied 
as rejectable cannot be ascertained because it is not known 
if there are any factors built into the accept/reject levels to 
allow for the fact that flaws may reflect ultrasonic energy in 
a manner different from that assumed by the Code. 

Operator Variability 

Discrepancies were also experienced between the results 
obtained from the three different operators. Out of the 14 
defects used for this part of the study, there was disagree-
ment over acceptance or rejection in five cases (approxi-
mately 35 percent of the total). The actual measurements of 
defect rating varied by, on average, 6.5 dB (the full range 
being 0 to 21 dB). This magnitude of difference would ob-
viously be extremely critical in borderline cases because, 
even for the thickest material studied, the difference between 
acceptance and rejection is only 4 dB. 

Equipment Variability 

The effect of using a slightly oversize (according to the 
Code) transducer crystal was small. For the 13 comparative 
measurements made, the average discrepancy was 2.9 dB 
(the full range being 0 to 7 dB). Again, this may be significant 
in view of the small amplitude difference between acceptance 
and rejection, but not all the discrepancy can be attributed to 
the transducer size because there was no observable trend to 
either underestimate or overestimate defect severity. It is 
suspected that the variations are more likely to stem from 
coupling and measurement variables, even though precau-
tions were taken to minimize these, and it must be recognized 
that some such variation is inherent in the performance of 
ultrasonic tests. 

EVALUATION OF IMPROVED TECHNIQUES FOR DEFECT 
ASSESSMENT 

Theoretical Considerations 

The Probe Movement Technique 

The approach of the AWS Dl. I ultrasonic procedures is to 
use a single parameter, signal amplitude, to assess defects. 
To do this is to ignore much of the complexity of the process 
of interaction of ultrasound with a defect. The probe move-
ment technique attempts to account for the way the sound 
level rises and falls as a beam of ultrasound is traversed 
across a defect and from this deduce its size. 

Detection of embedded defects relies on reflected signals 
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from them being received by the transducers as with the 
AWS procedure. The requirements for adequate sensitivity 
level for searching and thorough scanning apply equally to 
both techniques. It is the subsequent assessment of detected 
defects which differs. It should also be noted that the aim of 
the technique is merely to determine the location and dimen-
sions of defects. No requirement is placed upon the operator 
to assess whether flaws detected are within or outside a given 
specification. The test procedure itself therefore does not 
contain any accept/reject criteria. However, subsequent 
evaluation of the ultrasonic test results has to be performed 
with reference to some standard of acceptance for flaws, so 
such standards would need to be developed for bridges if this 
sizing method were to be employed. 

It can be demonstrated theoretically that an ultrasonic 
beam at MHz frequencies is a cone with a small angle of 
divergence and with maximum sound intensity lying along its 
axis. Sound pressure decreases radially from the axis, and 
the beam edge is normally taken to be the point when pres-
sure is 1/10 that at the center (20 dB less). The position of the 
axis and edges of a beam may be plotted by aiming it at a 
series of small reflectors at different ranges and interpolating 
points between these using straight lines. An example of a 
beam plot is shown in Figure 7, the parallel region being the 
near zone where little divergence occurs. 

How this beam geometry is used to measure the size of 
defects is shown schematically in Figure 8. In the figure, the 
smooth rise and fall of signal amplitude over the smooth 
reflector enable the edge points to be determined. The 20 dB 
drop is illustrated, but the 6-dB drop is also used, this being 
half the maximum amplitude obtained from the center of the 
reflector. If a reflector shows several amplitude maxima (i.e. 
the echo rises and falls several times as the beam passes over 
the defect instead of the smooth path shown in Figure 8), this 
indicates that the reflector has several resolvable facets. In 
this case, the maximum amplitude technique can be used. 
This involves using the beam centerline only to plot the posi-
tions of the two extreme maxima which are then taken to 
represent the defect edges. For a defect that has only one 
resolvable facet, such as the one shown in Figure 8, the 
maximum amplitude technique gives a zero value of size 
(point reflector). The technique is therefore best applied to 
multifaceted defects. 

Although these probe movement techniques appear to give 
a reliable estimate of defect size, several assumptions are 
made in performing the sizing operation which must be con-
sidered. These are: 

The beam is a simple cone with straight edges. 
The sound pressure distribution across the beam varies 

symmetrically and smoothly. 
The rise and fall of the signal as the transducer is moved 

across the defect can be discerned on the flaw detector CRT 
screen. 

The decibel drop points (either 20 or 6 dB down from 
maximum) actually coincide with the edges of the defect. 

Assumption 1 is only valid in certain circumstances. It is 
theoretically correct, but normally only a small number of 
machined reflectors (e.g. four holes in a reference block) are 
used as datum points for a plot of the beam extending over 
6 in. (150 mm). Minor variations in beam shape between 
these points are not normally noted, which could cause sizing  

errors. Furthermore, Coffey (3) has demonstrated that 
workpiece surface finish can seriously affect beam shape, 
increasing roughness and undulations causing beam edges to 
become more diffuse and beam width to vary with range. 
Minimum requirements for surface preparation have been 
proposed to counter this. 

Assumption 2 influences the way in which a signal rises 
and falls when a transducer traverses a defect. This is usually 
assumed to increase monotonically to a maximum and decay 
in a similar manner. If it does not, difficulty can be ex-
perienced in determination of the extremity points, either 6 
or 20 dB below the maximum. However, a check can readily 
be made on a machined reflector and transducers of sub-
standard performance eliminated. 
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Figure 8. Elements of probe movement technique for flaw 
sizing; (a) maximum amplitude position, (b) transducer 
moved forward so lower beam edge coincides with upper 
edge of flaw, and (c) transducer moved backward so upper 
beam edge coincides with lower edge of flaw. 

Assumption 3 is important for two reasons: (1) with tech-
niques such as the 20 dB drop, echo amplitudes are very 
small at the extremity points and may be lost in material and 
electrical noise if high testing sensitivities are required (this 
limits usable testing sensitivity and can be a problem for 
investigation of weakly reflecting defects); and (2) real de-
fects that are not simple shapes give rise to more complex 
signals, containing several maxima and minima, and it may 
not be possible to determine which points represent the 
edges of the defect (this causes many real testing problems, 
not the least of which is establishing whether a series of 
closely spaced reflectors should be measured as a single flaw 
or as several discrete parts). 

Assumption 4 is affected by theoretical limitations which 
predict that for a beam impinging on a flaw, as the edge of the 
flaw is approached, the signal amplitude will decay more 
quickly than rate of approach to the defect edge. In other 
words the 20 or 6 dB drop point will always lie slightly inside 
the defect extremity, suggesting that such methods will al-
ways tend to undersize defects slightly. 

A variant on the dB drop method is the maximum ampli-
tude technique. This assumes that the response of a rough  

defect will consist of several maxima and by locating the first 
and last the defect dimension can be determined. This over-
comes some of the problems associated with use of the beam 
size (maximum points are measured on the beam axis only) 
and uses the phenomenon of preferential responses from 
defect tips (as used in the time-of-flight technique discussed 
next), but is still likely to undersize defects as assumption 4 
is still made. 

Resolution capability, that is, the ability to determine that 
two separate, closely spaced reflectors are indeed separate, 
is an important additional factor. In the simplest example, 
the maximum amplitude technique cannot be employed un-
less the equipment is capable of resolving individual facets of 
the reflector. Opinions differ on the best way to define reso-
lution capability. One approach (7) defines a disc-shaped 
resolution volume in the material (based on the transducer 
pulse length and beam diameter) within which two or more 
reflectors cannot be resolved and then goes on to deduce that 
a defect which can be contained within the resolution volume 
cannot be sized by probe movement techniques. Whether 
this is the case in practice must be determined by experi-
mental work. However, using the procedure outlined in Ref. 
(7), the resolution volume for the equipment used in this 
exercise would be about 0.2 in. (5 mm) in diameter by about 
0.06 in. (1.6 mm) thick lying on a plane normal to the beam. 

Little rigorous analysis of these individual factors and their 
effect on sizing performance has been carried out. A rare 
example is the work of Serabian (8) who studied the effect of 
various parameters of the test systematically. A study con-
ducted by The Welding Institute (5) using conventional 
equipment, which examined the sum of these errors, has 
demonstrated that an error band of ± a few mm on defects of 
the same overall size is required to encompass 95 percent of 
all results, using a statistical approach. 

The Time-of-Flight Technique 

The principle of this technique is that diffraction effects at 
the ends of flaws cause secondary signals to be reradiated. 
These can be picked up by a second transducer so that time 
of flight from transmitter-to-flaw-to-receiver can be used to 
position the depth of the flaw tip accurately. If this is done for 
both ends of the flaw the through-wall size can be measured. 
This is shown in Figure 9(a) and Figure 9(b) for planar and 
volumetric flaws, respectively. The main advantage of this 
method is that flight time and velocity are the only ultrasonic 
parameters measured, all information on beam size, etc., 
being ignored. 

There are no inherent theoretical limitations to this tech-
nique, provided the necessary signals can be detected. As 
long as signals are of adequate strength and can be resolved, 
the technique will give accurate results within the measure-
ment errors of the equipment (the instrument available at The 
Welding Institute can measure time of flight to ±5 ns, which 
constitutes a negligible measurement error). Even if signals 
from the upper and lower extremities of a flaw cannot be 
resolved, the position of the nearer extremity can be defined 
from one testing surface and repeating the test on the op-
posite face will give the position of the other edge. 

However, two practical difficulties can be encountered. If 
two resolved indications are obtained, there is no guarantee 
that they are from the same defect. The indications could be 
from separate small defects. This suggests the use of a sepa- 
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Figure 9. Principle of ti,ne-ojjliglit test: (a) planar deject, and (h) nonplanar defect. 

rate technique, probably based on reflection, to confirm that 
one defect is present. 

The second practical difficulty is that, on some occasions, 
it is unclear as to where on the received indication the time 
measurement should be taken from. If the interaction at the 
defect extremity is a complex one, for example if more than 
one diffraction site is present, the received pulse will not be 
sinusoidal and the start of it can be ill-defined. In these in-
stances, some operator judgment is necessary and this is a 
source of error. However, it is unlikely that such errors 
would exceed one wavelength which, for the transducers 
employed, is about 0.050 in. (1.2 mm). 

Experimental Evaluation 

The Probe Movement Technique 

Details are given in Appendix F. 
Unlike the AWS Dl.! procedures, probe movement tests 

are not normally conducted to a rigid scheme of scanning 
pattern and test sensitivity. Certain minimum requirements 
are usually specified, such as those given in the procedure 
(see Document Fl at end of Appendix F), but, otherwise, the 
operator has considerable scope to exercise his judgment 
while performing the test. 



13 

None of the operators had difficulty in detecting the de-
fects by this method. In fact, scanning is often carried out at 
a maximum sensitivity, limited only by "grass" caused by a 
combination of electrical and material noise on the base-line 
of the flaw detector trace. For evaluation of defects so de-
tected the sensitivity is reduced to a suitable lower level. This 
process enables even weakly reflecting flaws to be found, but 
each indication is not required to be assessed at high sensi-
tivity as with the Dl. 1 procedure. The experienced operator 
judges from the echo characteristics as the beam passesover 
the defect whether further assessment is necessary. 

In the analysis below, the results for the diffusion-bonded 
defects have been omitted because, as discussed earlier, the 
responses obtained were not representative of real defects. 
However, the strong signals received from the defect ex-
tremities enable these defects to be measured more accu-
rately than the weld defects. 

The principal flaw parameter under study was through-
wall depth. Errors between measured and actual depth 
values from laboratory tests for the weld defects were ana-
lyzed statistically to gain a measure of the average and 
scatter, and the results are given in Table 2. It was found that 
the trend for the 20-dB drop technique (450  and 600  trans-
ducers) was to underestimate flaw size, by on average 0.080 
in. (2.0 mm). For these tests the scatterband for 95 percent 
probability limits was ±0.23 in. (±5.8 mm) either side of the 
mean; These figures indicate that in order to be 95 percent 
sure that the actual defect size did not exceed the predicted 
value, 0.31 in. (7.85 mm) would have to be added to the 
ultrasonic measurement. 

For the maximum amplitude (max. amp.) technique the 
results were slightly better with a mean error of +0.008 in. 
(0.20 mm) and a spread of ±0.20 in. (±5.0 mm). For this test, 
to achieve a 95 percent confidence figure, 0.19 in. (4.8 mm) 
would have to be added to the ultrasonic measurement. 
These results are in broad agreement with other work (see 
Table 3). 

No correlation between accuracy and absolute defect size 
was noted. 

Whether these errors are acceptable depends on the ac-
ceptance standard in force. This is discussed more fully in the 
next chapter. 

Two sets of check tests were performed by two different 
qualified operators to establish operator variability. There 
was a marked difference between the two sets of results (see 
Table 4): one operator was within the accuracy of the 20-dB 
drop laboratory tests whereas the other was less precise (95 
percent scatterbands of ±0.18 in. (±4.6 mm) and ±0.26 in. 
(6.6 mm), respectively). This indicates that different results 
from different operators are likely to be experienced and that 
an accuracy slightly less than that for the laboratory tests 
may have to be assumed to ensure that the results for any 
given operator would be encompassed. 

Time-of-Flight  Technique 

Details are given in Appendix G. 
In these tests detection was not considered and effort was 

put into establishing the accuracy of through-thickness size 
determinations. For reasons discussed in the previous sec-
tion, the results of the tests on the diffusion-bonded defects 
have been omitted from the analysis below. However, these 
results showed better accuracy than those on the weld de-
fects and are discussed further in Appendix G. 

In view of the simplicity of the equipment employed, diffi-
culty was encountered in obtaining a value of size on a "one-
time" basis. The difficulty arose from the inability to resolve 
the signals from the upper and lower extremities: a single 
complex indication being obtained for most of the defects. 
However, taking the start point of the received pulse enabled 
the position of the extremity closest to the test surface to be 
determined, and repeating the exercise on the opposite sur-
face gave the position of the lower extremity. In this way a 
through-thickness size measurement was obtained for 18 out 
of 23 cases in the laboratory tests. 

A statistical analysis of the results (see Table 5) revealed 
that the measurements were significantly more reliable than 

TABLE 2 
STATISTICAL DATA ON ACCURACY OF DEFECT THROUGH-WALL SIZE MEASUREMENT 
FOR PROBE MOVEMENT TESTS. 

Sizing Transducer Mean error, Standard deviation, 0 
95% probability 
band, R ± 2o Number of 

technique angle. measurements 
Inches (mm) Inches (mm) Inches 	(mm) 

-0.19 to +0.20 
Maximum 450  O.088 (+0.20) 0.098 (2.50) 4O 
amplitude (-4.80 to +5.20) 

-0.31 to •0. 15 
20dB drop 451  + 60° -0.080 (-2.03) 0.115 (2.91) 45 

(-7.85 to +3.79) 

-0.35 to +0.11 
20dB drop 450  only -0.122 (-3.10) 0.114 (2.89) 24 

(-8.88 to +2.68) 

-0.22 to +0.16 
20dB drop 60 0  only -0.032 (-0.81) 0.096 (2.45) 21 

(-5.71 to +4.09) 
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TABLE 3 
STATISTICAL DATA ON ACCURACY OF DEFECT THROUGH-WALL SIZE MEASUREMENT 
FOR PREVIOUS PROBE MOVEMENT TESTS FROM REF. 5 (PLANAR DEFECTS ONLY). 

Mean error, ii Standard deviation, a 
95% probability 

Test 
level, ii ± 2o 

Inches (mm) Inches (mm) Inches 	(mm) 

450 -0.315 to 	0.220 

maximum amplitude -0.047 (-1.2) 0.134 (3.4) 
(-8.0 	to 	+5.6) 

-0.295 to 	0.114 
45° 20dB drop -0.091 (-2.3) 0.102 (2.6) 

(-7.5 	to 	2.9) 

-0.343 to 0.130 
600  and 700  20dB drop 	-0.106 	(-2.7) 	0.115 	(3.0) 

(-8.7 	to 3.3) 

TABLE 4 	 TABLES, 
STATISTICAL DATA ON ACCURACY OF DEFECT 	 STATISTICAL DATA ON ACCURACY OF DEFECT 
THROUGH-WALL SIZE MEASUREMENT FOR PROBE 	THROUGH-WALL SIZE MEASUREMENT FOR 
MOVEMENT OPERATOR VARIABILITY TESTS. 	 TIME-OF-FLIGHT TESTS. 

Standard Mean error, It deviation • a Number of 
Operator measurements 

Inches 	(mm) Inches (mm) 

1 	 -0.037 	(-0.95) 0.130 (3.31) 10 

3 	 -0.052 	(-1.32) 0.091 (2.32) 11 

the probe movement tests with a mean error of -0.041 in. 
(-1.03 mm) and a 95 percent probability scatter of ±0.128 in. 
(±3.26 mm). Again these results are in agreement with other 
work (see Table 5) and no effect of absolute size was noted. 

Because of the difficulties in interpretation, the results for 
the operator variability tests were limited and insufficient to 
analyze statistically. However, the results obtained were 
generally within the error band for the laboratory tests. 

Standard 95% probability 
Mean error, It deviation, a 	level It ± 2a 

Test 

Inches (mm) Inches (mm) Inches 	(mm) 

"Laboratory" tests 	 -0.169 to 0.088 
on simplified 	 -0.041 (-1.03) 0.064 	(1.63) 
equipment 	 (-4.29 to 2.23) 

Results from previous 	 -0. 122 to 0.161 Welding Institute 
Programme (5) with 	0.02 	(0.50) 0.071 	(1.80) 

complex equipment 	 (-3.10 to 4.10) 

It was disappointing that attempts to reduce the complex 
laboratory-based equipment with proven performance (5) to 
a simple device suitable for site use imposed limitations on 
performance. However, it is encouraging that when mea-
surements could be made, the accuracy matched that for the 
complex equipment (see Table 5), suggesting that further 
investigation of equipment variants based on the time delay 
principle would be worthwhile. This is discussed further in 
the next chapter. 

CHAPTER THREE 

INTERPRETATION, APPRAISAL, APPLICATIONS 

GENERAL DISCUSSION components, is capable of withstanding the loading placed on 
it under any given set of conditions. Within the field there is 

Fitness for Purpose ConsIderatIons a wide variety of analyses and approaches, but all seek to 
The purpose of fracture mechanics is to establish whether 	relate material fracture properties, stress level, and flaw size. 

a component, or a structure manufactured from a number of Having knowledge, either measured or assumed, about two 
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of these enables the third to be determined. For example, for 
a certain value of material fracture toughness a critical stress 
for failure can be established for a given flaw size, or a critical 
flaw size for failure can be calculated on the basis of a known 
service stress. 

In either case, an attempt must be made to determine the 
actual size of flaw present in the structure if the analysis is to 
be used to predict its continuing integrity. The requirements 
of a nondestructive method to provide this information are 
therefore to be able to detect defects reliably, to be able to 
measure length and through-wall size (the latter being the 
most significant dimension from a fracture viewpoint), and to 
have a known, demonstrable accuracy. 

The probe movement and time-of-flight methods only seek 
to measure defect size. These are incorporated into a testing 
procedure in which other factors such as scanning patterns, 
transducer parameters, and so on may be specified, but 
neither one includes the subsequent step of assessing defect 
significance. The results from such tests are merely an input 
into the appropriate fracture calculations. Many standards 
and codes of construction are now incorporating the option 
to perform fitness for purpose calculations based on fracture 
mechanics in addition to the arbitrary standard of workman-
ship normally specified. This approach has recently been 
strengthened within the United Kingdom by the issue of a 
British Standard Published Document giving procedures for 
the evaluation of the significance of flaws in welds (32). In 
the UK, probe movement techniques would be used in con-
junction with this standard, but for many applications it is 
considered not to be sufficiently reliable; therefore, there is 
a similar need in the UK to develop more reliable defect 
sizing procedures. 

On the other hand the AWS D1.1 procedures include an 
assessment of defect "severity." This determination of flaw 
severity is used in conjunction with design criteria presented 
in the Code and is also incorporated in the U.S. Department 
of Transportation's Fracture Control Plan for New Bridges 
(24). However, the assessment of severity is entirely arbi-
trary from a fracture standpoint because it takes no account 
of either stress level or material properties and does not 
measure flaw size. The D1.l procedures are the basis of a 
"workmanship" Code, aimed at ensuring a reasonable stan-
dard of welder performance by imposing arbitrary defect 
acceptance levels. Although the use of such a Code should 
reduce the incidence of defects produced at the time of weld-
ing, it cannot be used to determine fitness for purpose of a 
structure either before or during service. 

Therefore any modifications to the defect acceptance sys-
tern of the Code could only attempt to improve its reliability 
within the existing framework of a "workmanship" type ap-
proach. A completely different system would be needed to 
achieve a reliable interface with fracture mechanics. 

Performance of Test Methods 

In the evaluation of the AWS 131.1 Code, the defects 
studied were detected with a high degree of reliability. 
However, it cannot be assumed that other types of defect, 
such as smooth fatigue cracks and transverse cracks, would 
be found with the same degree of reliability. 

The quantitative study of the acceptance and rejection 
levels of the Code yielded surprisingly consistent results. 

There was a high probability of defects up to 7.5 percent of 
the wall thickness in depth being accepted and a relatively 
high probability, around 70 percent, of larger defects being 
rejected. In view of the factors affecting signal amplitude, 
and therefore the accept) reject decision outlined in Chapter 
Two, no such trends would have been expected. However, 
this result is profoundly influenced by the weighting imposed 
on defect ratings for different wall thicknesses and no corre-
lation was obtained between acceptability and absolute flaw 
size. 

The Dl.1 procedures do not therefore meet the require-
ments of rejecting defects approximately 2 percent of the• 
wall in depth implied by Figure 3, and there is a chance that 
large defects will be accepted. This is potentially serious 
because there is a tendency to accept vertical cracks (which 
are always badly oriented with respect to the ultrasonic 
beam) and reject the less significant slag and obliquely 
oriented lack of fusion defects. 

On the other hand, the closely controlled procedure simpli-
fies performance of the test, which is always of benefit in the 
field. This approach should bring benefits of reproducibility 
of test results so that a uniform quality of inspection may be 
maintained, but in practice this is not so. The results revealed 
a significant number of discrepancies from repeated tests. 
This suggests that the inherent variability of parameters in 
actually performing a test cannot be eradicated by close 
specification of a test procedure. 

When an ultrasonic technique or other NDE method at-
tempts to measure defect size, the measurements will always 
be subject to errors of some magnitude. When attempting to 
use defect size data obtained from NDE in fitness for purpose 
analyses the errors should be known and accounted for. The 
best way of accomplishing this is to ascertain the amount of 
error likely to occur (from experimental data and past ex-
perience) and make an adjustment to the NDE measured 
value so that an estimate of defect size is obtained with an 
acceptable degree of confidence. Defining "an acceptable 
degree of confidence" will depend on the application, and, 
ideally, there would be probabilistic aspects to the fitness for 
purpose considerations which could be interfaced with statis-
tical data (such as that presented here) from NDE experi-
ments. There may be cases where apparently large errors in 
the NDE measurements can be tolerated if the maximum 
allowable defect size (from fracture mechanics calculations) 
is very large. On the other hand, in very critical applications 
or where poor design or materials selection has resulted in 
small defects being critical, a heavier reliance may have to be 
placed on the NDE results, with a high order of accuracy 
being desirable. 

In this work, the level of accuracy to be expected from two 
types of ultrasonic sizing techniques has been quantified. 
The probe movement technique, which would be the simpler 
to apply immediately to bridges in the United States, gave 
inferior results to the time-of-flight technique, which needs a 
better definition of equipment requirements before it can be 
introduced to bridge testing applications. 

The probe movement tests showed that up to 0.31 in. (7.85 
mm) would have to be added to the ultrasonically measured 
through-thickness size to give a prediction about which one 
could be 95 percent confident that the actual defect size 
would not exceed the prediction. The same figure for the 
time-of-flight tests was 0.169 in. (4.29 mm). 
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Clearly the figure for the probe movement technique 
would cause problems on thinner plate (i.e. about /8 in. (9.5 
mm) and less), but may be quite adequate in thicker plate if 
the design and materials selection are satisfactory and defect 
tolerance is high. However, as previously highlighted, there 
may be circumstances where better accuracy is desirable 
and, in such cases, the time-of-flight approach would have 
advantages. This technique has been proven in the labora-
tory (5), but, unfortunately, attempts in this work to apply a 
simple. portable equipment were not wholly successful from 
the point of view that difficulties were experienced in inter-
preting the display in some cases. However, when it defect 
could be measured, accuracies similar to those using the 
complex laboratory-based equipment were obtained. There-
fore, further work to optimize equipment requirements for 
shop and site testing would be worthwhile. 

POSSIBLE IMPROVEMENTS TO AWS D1.1-80 

The ultrasonic equipment requirements, calibration of 
equipment, and sensitivity are all adequate to ensure that, 
assuming the operator carries out the test in the prescribed 
manner, defects which are required to be detected will be 
found. The main difficulties lie in the areas of the accept-
ability or otherwise of defects and the variations experienced 
from operator to operator. 

Because AWS Dl.! is such a widely used code and people 
in the bridge fabrication industry are generally very familiar 
with it, it is considered that changing completely to another 
existing ultrasonic testing code (none of which has demon-
strably better reliability than AWS DII) would create more 
problems than it solves. It is therefore suggested that at-
tempts be made to improve the Code within its existing 
framework. One area in which immediate improvement 
could be made is in the removal of at least some of the invalid 
assumptions in the Code. In this respect, three actions 
should be considered: (1) minimize external factors (i.e. 
those other than the defect) which influence amplitude of 
response: (2) apply more appropriate distance/amplitude cor-
rection factors than the present 2 dB per inch; and (3) avoid  

the rigid relationship between amplitude and beam-to-defect 
orientation implied by the Code. 

With respect to item (1), steps to ensure a consistent sur-
face quality (not mentioned by the Code), and hence cou-
pling, could be taken. The degree of flatness, smoothness, 
and cleanliness required could be stipulated. Also variations 
in coupling characteristics between the calibration block and 
the testpiece can be accounted for as is done in ASME V. 
Another factor influencing coupling characteristics (and 
hence amplitude of response) is the pressure exerted on the 
transducer. This could be controlled by employing some 
scanning or jigging arrangement. 

To satisfy item (2), it would be a straightforward step to 
employ a distance/amplitude correction (DAC) curve as is 
the case in ASME V. This requires machined holes in a 
representative calibration block to be examined at different 
depths so that a true picture of the attenuation within the 
material emerges. 

With respect to item (3), the present emphasis on 700  trans-
ducers is unwarranted in view of the rapid fall-off of ampli-
tude with increasing beam-to-defect misorientation. It can be 
seen from Figure 5 that by the time a 20° misorientation is 
reached (i.e. a 70° transducer examining a vertical defect), 
direct reflection amplitude is very low for all defect sizes. In 
these circumstances, when reliance for detection has to be 
placed on favorably oriented facets of the defect, a 45° trans-
ducer would be just as good as a 70° one. Furthermore a 45° 
transducer has the advantage of shorter range and a narrower 
beam. There should also always be a requirement to scan 
with a beam that is normal to the prepared edges of the weld. 

The fact that some vertical planar defects were errone-
ously accepted by the Code demonstrates that an angle beam 
transducer gives a low amplitude of response from these 
defects. To overcome this, it is strongly recommended that 
more extensive use be made of the pitch and catch (or tan-
dem probe) test configuration (see Figure 10) for the reliable 
detection and identification of vertical planar defects. This 
relies on detecting the strong specular reflection from a ver-
tical defect, but in the Code it is only specified for testing of 
electroslag and electrogas welds where the fusion faces are 

Figure /0. Pitch and catch (or tandem probe) test configuration. 
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perpendicular to the plate surface. However, in order to be 
able to size defects in this manner within the existing Code 
framework, some experimental work to establish amplitude 
values for typical defects would be necessary. 

To avoid the erroneous rejection of small (i.e. much less 
than the beam diameter) nonplanar defects (which leads to 
unnecessary repair) is more difficult because it is difficult to 
distinguish them from small planar defects. Supplementary 
radiography may provide assistance if the weld geometry is 
favorable, but ultrasonic techniques, based on computerized 
flaw signature analyses, are still under development. Such 
techniques could therefore only be considered as longer term 
objectives. 

The problem of operator variability will be reduced to 
some extent by the measures to ensure a uniform pressure on 
the transducer discussed above. However, in addition it is 
recommended that a national system be developed for quali-
fying ultrasonic operators, which involves hands-on tests on 
real defects. 

A national NDE operator qualification scheme was started 
in the United Kingdom in 1969 (25) and has certainly helped 
in alleviating some of these problems. Such an approach has 
enabled a nationally recognized standard to be developed 
(within the UK) for operator competence in the major nonde-
structive test methods, which not only provides a demonstra-
ble consistent minimum quality of operator (unlike the more 
specific, employer-oriented ASNT training schedules), but 
also provides employers with a reliable guide to the suita-
bility of operators within their employ. 

POSSIBLE IMPROVEMENTS TO PROBE MOVEMENT SIZING 

The sources of error in probe movement sizing have been 
considered, and they stem largely from insufficient knowl-
edge of the ultrasonic beam shape and lack of information on 
the interaction of ultrasound with complex defects. It is here 
that a conflict exists. To gain more reliable results a more 
complex test method is required, which is capable of assimi-
lating more data from the test than a manual operator is 
capable of observing from a conventional CRT screen. On 
the other hand, a more complex test implies more equipment, 
which is bulkier, heavier, consumes more power, and gener- 

ally hampers the maneuverability of the operators in getting 
to the test site. 

Nevertheless, if the error bandwidth presented in Chapter 
Two is to be reduced, a means of organizing the data more 
effectively by means of some display, coupled with mechan-
ical means of measuring transducer probe position reliably is 
required. Such devices as the Danish Welding Institute's 
P-scan (26), the CEGB's B-scan (27), and Accuscan (5) 

adopt this approach. Similarly, The Welding Institute is cur-
rently acquiring a computerized testing system (28) and a 
P-scan unit to investigate the improvements that can be made 
to sizing methods both in the laboratory and in the field. 
These will incorporate a real time display of data in correct 
spatial positions within the weld and the recording of all 
information for subsequent analysis. It is only with such, 
equipment that the probe movement technique can be 
stretched to give accuracies up to its theoretical limit. 

POSSIBLE IMPROVEMENTS TO TIME-OF-FLIGHT SIZING 

Developments currently being pursued in relation to the 
time-of-flight technique are connected with adapting the 
necessary equipment so that it may be used readily on site. 
It is clear that a simple system, such as that used in the 
current work, is not sufficient for reliable measurement of all 
weld flaws, so more sophisticated equipment is required. 
From experience gained in the present work, it will be pos-
sible to specify more closely the equipment requirements to 
ensure accurate results and still be compatible with site test-
ing situations. Again the essential features are: recording of 
all data collected and a better understood display from which 
the operator may make reliable measurements of flaws. The 
use of microprocessor techniques is increasing for such sys-
tems because this provides the only realistic means of han-
dling the large amounts of data which these tests can generate 
very rapidly. 

The equipment developed in previous work (5) incorpo-
rates computing techniques for enhancing relevant signals 
and displaying the data. Figure 11 shows a typical elevation 
plot of an embedded defect revealed by time-of-flight tests 
using this system. Signals from the defect extremities are 
shown as light and dark fringes from which, with a little 
interpretation, through-thickness size can be established. 

CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

A total of 35 embedded weld flaws, including cracks, in-
complete fusion and slag lines, were manufactured in mild 
steel butt welds in thicknesses of 0.4, 1.5 and 3.9 in. (9.5,40 

and 98 mm). Eight diffusion-bonded defects were also manu-
factured in the thinner plates. These were all ultrasonically 
tested using AWS D1.1-80 ultrasonic procedures for assess- 

ing flaw severity, and using probe movement and time-of-
flight techniques for measurement of defect through-wall 
size. Twenty-three of the weld defects were subsequently 
sectioned so that their true size could be measured and an 
evaluation of the three techniques carried out. The conclu-
sions that can be drawn from this work are as follows: 
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Figure II. Side elevation display from time of flight test (from Rf 5). 

The AWS D1.1 Code procedures were adequate for 
reliable defect detection. 

In many cases, the flaw severity predicted by the Code 
did not correlate well with the true defect. There was a ten-
dency to reject slag inclusions and accept cracks, even up to 
0,35 in. (9 mm) in through-thickness size. There was little 
indication that the Code actually achieved what it apparently 
set out to do, and the fact that several false assumptions were 
made in the formulation of the Code will obviously have 
contributed to this. 

Defects less than 7.5 percent of wall thickness in size 
are likely to be accepted by the Code and larger flaws stand 
a 70 percent chance of rejection. 

Variation in results between different operators showed 
that operator variability with the Code was a major factor. 
There was disagreement between three operators on accep-
tance or rejection of a defect in 35 percent of cases. 

The AWS DI. 1 procedures do not, and are not intended 
to, interface with fracture mechanics assessments but some 
improvements may be possible within its existing frame-
work. 

Probe movement tests provided a measure of weld flaw 
size in all cases, but errors were obtained. These were such 
that up to 0.31 in. (7.9 mm) would have to be added to the 
measured size in order to be 95 percent sure that the actual 
flaw size did not exceed this value. This is in general agree-
ment with other work. 

The time-of-flight technique also gave a measure of 
weld flaw size but, in some cases, difficulty was encountered 
in interpreting the display of the simplified equipment used in 
this work. However, when a size measurement was obtained 
(i.e. for 18 out of the 23 defects destructively tested), the  

results were substantially more accurate than the probe 
movement test results with the comparative figure for 95 
percent confidence being 0.17 in. (4.3 mm) to be added to the 
measured value. This is in general agreement with other 
work. 

Operator variability for the probe movement technique 
was shown to be significant. Factors of slightly more than the 
0.31 in. (7.9-mm) figure quoted above may have to be added 
to take account of this. 

Operator variability for the time-of-flight technique 
was, on limited evidence, shown to be within the errors of the 
main tests. 

The diffusion-bonded defects gave ultrasonic re-
sponses that were not representative of those from real 
defects, so the results are not included in the above conclu-
sions. Analyzed separately, more accurate results were 
obtained than for the respective tests on weld defects. This 
highlights the danger in using artificial reflectors to demon-
strate ultrasonic testing performance. 

From the results of this work it was not possible to 
prepare written procedures and specifications, but it was 
recognized that this was an ambitious objective for the study. 
However, possible improvements to the AWS D1.1 Code 
have been suggested and further work, discussed in the fol-
lowing, may yield more accurate results that can form the 
basis of new procedures. 

POSSIBLE FURTHER RESEARCH 

AWS 131.1 

This work has provided valuable experimental data to 
quantify the limitations of these procedures. There are two 
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main areas where further work will be valuable. First, to 
avoid vertical planar defects being underestimated, the pitch 
and catch technique should be evaluated and verified experi-
mentally to enable it to be incorporated into the existing 
framework of the Code. Second, means of distinguishing 
ultrasonically between planar and nonplanar defects when 
they are small should be evaluated when techniques are suf-
ficiently developed. 

Probe Movement Techniques 

It may be that the current level of accuracy of this tech-
nique is considered to be inadequate. If this is the case, 
improvements can be sought in either or both of two ways: 
transducer development (in the form of focussed beams) or 
transducer arrays; and other equipment development to pro-
vide the operator with less ambiguous information on which 
to base a measurement. Focussed transducers have the ad-
vantage of a narrow sound field and hence better resolution; 
and arrays of transducers have the advantage that a wide 
range of scanning angles can be employed simultaneously. 

With respect to other equipment, a mechanized scanning 
frame would substantially reduce scanning, coupling, and 
measurement variables and could also provide the necessary 
indexing of transducer position so that defect displays can be 
produced with appropriate handling of the ultrasonic data 
and combining with the transducer position data. The com-
puterized P-scan equipment produces displays in this way 
(see Ref. 26), and these provide the operator with a more 
objective basis on which to make a probe movement estimate 
of defect size. Such equipment is currently being evaluated 
experimentally for measuring defects in gas pipeline girth 
welds. The outcome of this work should be studied before 
any decision is made to develop the probe movement tech-
nique for bridge inspection. Despite the foregoing possibili-
ties for improving •accuracy, the theoretical limitations 
remain. 

Time-of-Flight Technique 

It was found in this work that an attempt to take 
laboratory-based equipment with proven accuracy and re-
duce it to a simple device suitable for site use resulted in a 
reduction in performance. This stemmed from a difficulty in 
interpreting the simple, untreated display in some cases, but 
when a measurement could be made, the results were as 
accurate as the laboratory-based equipment. 

There is therefore a need to optimize the equipment re-
quirements to enable the technique to be used on site reli-
ably. Such an exercise -would be worthwhile in view of the 
accuracy of measurement achievable. It is believed that 
some improvement to resolution coupled with signal en-
hancement would be required. This could be accomplished 
using shorter pulse transducers and signal averaging. Com-
puter techniques may be necessary, and these have the ad-
vantage that relevant data can be recorded at the site of the  

test on portable equipment for subsequent playback and 
analysis off-site. 

Other Techniques 

Whatever sizing technique is envisaged, it is likely that a 
computer technique in some form will be necessary to ac-
complish quantitative and objective data collection and 
assessment. 

The literature survey revealed several techniques that are 
under investigation by other workers; for example, spectros-
copy, synthetic aperture focussing, and holography. These 
all involve digitization of the unrectified ultrasonic waveform 
and computer treatment and analysis. 

By the end of 1981, The Welding Institute will be commis-
sioning a computerized system that will have sufficient flexi-
bility to study the above techniques, and any other of the 
more complex mathematical analyses, by selection of appro-
priate software. 

RECOMMENDATIONS 

immediate 

The AWS Dl. 1 ultrasonic testing procedures should be 
altered to remove some of the inherent invalid assumptions. 
Ensuring constant coupling characteristics, making a proper 
assessment of material attenuation, and considering a wider 
range of transducer angles than the currently used 700 angle 
are all recommended. 

A national system of qualifying ultrasonic operators, based 
on "hands-on" tests, should enable the reduction of operator 
variability. 

Short term 

Provision should be made in the Code for more reliable 
rejection of vertical planar defects. This can be accomplished 
by the pitch and catch test configuration, but a short project 
would be necessary to collect the necessary amplitude data 
for the technique to be applied within the existing code - 
framework. 

Experimental work may also be necessary to determine 
testpiece surface requirements for ensuring constant cou-
pling characteristics discussed above. 

Long term 

It is considered that the time-of-flight technique offers suf-
ficient advantages for defect sizing to be studied further. 
From this work and other experience, a system can be de-
signed which should optimize the requirements for both ac-
curacy and site applicability. Such a system should then be 
evaluated both in the laboratory and in field trials. 

Other techniques for sizing and for defect diagnosis should 
be kept under surveillance and evaluated at such a time when 
they are sufficiently developed. 
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APPENDIX A 

OVERVIEW OF CURRENTLY APPLIED NDE METHODS 

INTRODUCTION 

The advantages of nondestructive inspection methods to 
assess the quality of construction of a manufactured struc-
ture or component and to ensure its continuing integrity dur-
ing service are self-evident. This implies the application of a 
medium which will in some way delineate discontinuities or 
flaws without materially altering the component itself. The 
use of such techniques is particularly important when em-
bedded flaws (i.e. not visible to the naked eye) are likely to 
exist; for example, in weldments. The essential criterion 
which 'determines the choice of an inspection method is the 
change in response to the interrogating medium between 
sound and flawed regions, caused by the consequent dif-
ference in physical properties, which must be large enough to 
be observed by the inspector. Only if this condition is ful-
filled will a flaw be detected. 

REVIEW OF NDE METHODS 

The principal test methods in use may be divided into two 
types: those which can only detect surface breaking or near-
surface flaws and those which can also detect deeply em-
bedded flaws. Commonly used methods sensitive to surface 
defects include dye penetrant testing, magnetic particle test-
ing (for ferrous materials), eddy current testing (also for fer-
rous materials), and visual inspection. The detection and  

assessment of embedded defects on the other hand require an 
interrogating medium sensitive to discontinuities and also 
capable of penetrating the material, which is invariably 
opaque to light. Penetration is achieved by the use of electro-
magnetic radiation (X- or 7-rays) or mechanical elastic waves 
(ultrasound). Eddy current testing may also be used to detect 
embedded flaws in nonferrous materials to a limited extent. 

X- and y-rays are normally beamed through a component 
and flaws revealed by images on a photographic film result-
ing from differential absorption of the rays in the flawed 
region. Essentially, a shadow picture is formed of the flaws. 
This technique can reveal, detailed information about the 
lateral extent of the defects detected in a direction perpen-
dicular to the X-ray beam. However, the method is relatively 
insensitive to thin defects not oriented parallel to the beam, 
and no information on defect depth dimension or through-
wall extent is presented directly on the radiographic image. 
In some cases measurement of the density of the images on 
the film may yield details of defect through-wall size, but this 
is generally qualitative, may be unreliable, and is not nor-
mally carried out. 

Ultrasonic testing relies on the fact that discontinuities will 
produce reflections in some way related to ,their size and 
shape and is therefore the only nondestructive test technique 
in common use which has the capability both to detect and to 
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measure the size (especially the depth, or through-wall di-
mension) of embedded and surface flaws. As the depth 
dimension is normally the overriding factor in determining 
the severity of the flaw, this capability of ultrasonic testing 
has been exploited and the technique is now extensively 
employed to measure defect sizes in a wide range of indus-
tries. 

PRINCIPLES OF ULTRASONIC TESTING 

Ultrasonic testing relies on the generation of pulses of 
ultrasonic frequency elastic waves in the material under test. 
Megahertz (MHz) frequency waves combine good direc-
tional properties with adequate penetration, 2-6 MHz usu-
ally being employed for manual tests. Conventionally, these 
are generated by a piezoelectric transducer which is ener-
gized by a flaw detector unit. This unit also contains amplifi-
cation circuitry and a CRT for display. The waves can prop-
agate through solid materials and exhibit the four principal 
properties of wave motion (i.e., they undergo reflection, re-
fraction, diffraction and interference). The basic theory of 
generation and propagation of ultrasonic waves has been 
summarized by Krautkramer (2). Detection of flaws or dis-
continuities is achieved because the boundary between the 
regions which offer differing resistance to the passage of 
sound (acoustic impedance) acts as a site for partial re-
flection of the sound energy, enabling its presence to be 
detected. 

DEFECT ASSESSMENT BY ULTRASONICS 

General Considerations 

The techniques invariably used for defect location and 
sizing have been developed from these principles, employing 
ray diagrams to locate sources of ultrasonic reflection from 
discontinuities in conjunction with knowledge of the ultra-
sonic beam size or signal amplitude for size measurement 
(9, 10). A schematic view of a typical test arrangement is 
shown in Figure 1 of the main report. The pulse of ultrasound• 
reflected from a flaw is displayed on a CRT screen where the 
horizontal axis represetits distance from the transducer to the 
flaw and is calibrated in inches (or mm). The vertical axis 
represents signal amplitude normally measured by compari-
son with a standard reflector, differences being recorded in 
decibels (dB) or as a percentage. 

This conventional A-scan display of the ultrasonic signals 
is virtually the only form of presentation used by ultrasonic 
technicians in the field, and invariably such technicians per-
form a test manually (i.e., the ultrasonic transducer is 
scanned across the workpiece surface by hand and signals 
appearing on the ultrasonic flaw detector's CRT screen are 
interpreted and recorded in writing by the operator when 
deemed significant). 

AmplItude Assessment Methods 

For defect detection purposes the sensitivity or gain level 
of the ultrasonic system is crucial. In many cases an ampli-
tude threshold level is employed so a high gain can be used, 
but very small signals, such as those arising from material or 
electrical noise, are not required to be recorded and investi-
gated. An extension of this philosophy is to use a rigid regime 
of amplitude threshold levels as a basis for acceptance or  

rejection of detected flaws. This is particularly highly devel-
oped in the United States where ultrasonic testing proce-
dures of the AWS (1) and ASME (12) codes require strict 
adherence to an amplitude based acceptance/rejection 
scheme for defects. 

The AWS code takes amplitude assessment one stage fur-
ther in that signal amplitude is used directly as a measure of 
a defect's severity and therefore a correlation with defect 
size is inferred. This is similar to the DGS (distance, gain, 
size) system developed by Krautkrãmer (16) in which echo 
amplitudes from defects are compared with responses from 
flat bottomed hole reflectors of known size. 

Probe Movement Methods 

The ASME code method of defect size measurement (12) 
is partially dependent on amplitude compared with a thresh-
old level, but also makes use of the way an echo from a defect 
rises and falls as the probe is traversed aàross it. This requi-
res some knowledge of the shape of and energy distribution 
within the ultrasonic beam produced by the probe, which 
always has a finite width. Such probe movement techniques, 
as they are generally called, are in widespread use in the 
United Kingdom where they are detailed in the relevant Brit-
ish Standard Specification (11). In conjunction with this it is 
usual practice to determine the dimensions of the ultrasonic 
beam on an appropriate test block (10). The probe movement 
(decibel drop) sizing methods are preferred in the UK as the 
view is widely held that the amplitude maxima of signals 
reflected from a defect (of which there may be several) are• 
likely to bear only a limited correspondence to the defect's 
overall size. This aspect is discussed further in Chapter Two. 

The complexity of the propagation of ultrasound through 
metals having a microstructure which is not homogeneous 
over short distances, and the interaction of ultrasound with 
defects of unknown shape and form, cannot be fully ac-
counted for in a manual test because of the limited amount of 
information that even a trained operator can reasonably be 
expected to comprehend and interpret from the flaw detector 
screen at any one time. Assumptions are therefore made 
which simplify the test: such as rectilinear propagation of the 
ultrasound enabling ray diagrams and geometric plots of the 
test to be used, although in many instances this condition is 
not satisfied; simple reflection of sound from defects, which 
does not account for diffraction, scattering, interference, and 
wave mode conversion effects; and probe beam and pulse 
characteristics that are assumed to vary in a simple manner, 
which does not take account of variations in beam shape with 
range and due to surface roughness. It would appear that 
considerations such as these could account for wide varia-
tions in estimated defect size compared with true defect size 
observed in recent studies of probe movement methods (5) 
and methods relying at least partially on amplitude (6). 

DEVELOPMENTS OF DEFECT SIZING TECHNIQUES 

As ultrasonic measurements of the through-wall size of 
defects are invariably the source information for determina-
tion of the integrity of a component, whether this is in a 
qualitative manner to satisfy the requirements of some arbi-
trary code principally designed to ensure good workmanship 
or as an input to a fitness for purpose assessment based on 



23 

fracture mechanics, the accuracy of such measurements is 
highly important if integrity is to be reliably maintained. 

Time of flight 

The improved accuracy of the time-of-flight method has 
been well demonstrated (5, 29, 30), and this reflects the 
practical advantages in using a parameter that can be mea-
sured very accurately (i.e. time) to size defects instead of 
relying on ultrasonic beam parameters and reflection pat-
terns from defects which are, at best, difficult to quantify. 

Specialized Techniques 

It should be noted, however, that "novel" methods of 
defect sizing such as time of flight, spectroscopy and others 
have not been used to any great extent outside the labora-
tory. The requirements of shop and site inspection for ease 
of access and variability of components to be inspected have 
greatly militated against implementation of new techniques 
and development of more sophisticated mechanized or auto-
mated test systems for general use. Although many auto-
mated ultrasonic systems have been developed (31), their 
use is almost entirely restricted to highly specialized applica-
tions (e.g. inspection of nuclear pressure vessels) or where 
components of identical geometry are inspected (e.g. inclu-
sions and lamination checks in plate and strip mills or inspec-
tion of pipeline girth welds). It has, however, long been rec-
ognized that errors incurred by manual measurements of 
probe location during a test and reliance on the subjective 
interpretation of echoes appearing on the flaw detector 
screen could significantly affect the accuracy and reliability 
of defect detection and measurement. On the other hand, 
studies comparing the performance of a manual operator 
with more sophisticated test methods (5) indicate that as- 

sumptions inherent in sizing procedures used play a far more 
significant role in introducing errors of measurement than 
operator error. Furthermore, it is difficult to simulate the 
wealth of experience of defect diagnosis from ultrasonic sig-
nals built up by an operator over a period of time by a fixed 
signal analysis algorithm in an automated recording system. 

In this context it is worthy of note that the systems that 
have been used to some extent in the field have all assisted 
the operator rather than attempted to replace him. The in-
struments concerned, notably the Danish Welding Institute's 
P-scan (21), the CEGB's B-scan (27) (see Figure A-I). and 
Southwest Research Institute's SUTAR system (32), all pro-
vide a means of measuring probe position and a display in 
which the information is more highly organized to allow the 
operator to make a better judgment. 

VUrasonic 
flaw detector 

Positioning device 
and transducer 

Figure A-I. B-scan equipment. 
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APPENDIX B 

LITERATURE SURVEY 

An assessment of literature relevant to the program was 
carried out throughout the duration of the work in order to 
provide background information on, and development of, the 
AWS Code, similar codes which also rely on amplitude of 
ultrasonic signals for defect assessment, and other size mea-
surement techniques. Sources searched were The Welding 
Institute's Weldasearch computerized data retrieval system, 
the Compendex system, also available through The Welding 
Institute's computer, the nondestructive testing information 
retrieval system administered by the NDT Centre at the 
Atomic Energy Research Establishment, Harwell, England, 
and the NDT Information Analysis Center (NTIAC) oper-
ated by Southwest Research Institute in the United States. 

A principal consideration was to examine factors affecting 
the performance of various sizing methods. 

PROBLEMS ASSOCIATED WITH USE OF AMPLITUDE FOR 
DEFECT ASSESSMENT 

General Considerations 

The amplitude of an ultrasonic signal reflected from a de-
fect is an easily measured parameter and would be expected 
to convey useful information about the nature of the reflect-
ing site. For this reason it has been used as the basis for 
AWS (1) and ASME (/2) inspection procedures and for the 
DOS method pioneered in Germany (16), which is in wide-
spread use on the Continent of Europe. 

However, to use echo amplitude directly to estimate defect 
size or severity leads to extreme difficulties because of the 
complexity of production of the reflected echo. Variations in 
amplitude can arise from a variety of sources: 
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Nature of the interface at a discontinuity —The produc-
tion of a reflected signal relies on acoustic mismatch or dif-
ference in acoustic impedance at a boundary (2). This gives 
rise to transmitted and reflected components of the incident 
wave, and it is normally the reflection that is collected and 
displayed. For a free surface of a solid (e.g., the edge of a 
metal plate), almost total reflection will occur. This will also 
apply to an air or gas filled crack. However, if a flaw is filled 
with solid (e.g., a slag line or an oxide filled crack), the 
transmitted component of the incident wave can be signifi-
cant (33) with a consequent drop in intensity of the reflected 
wave. 

The reflection process—The transmission and reflec-
tion of sound at discontinuities, previously described, only 
applies to the theoretical situation of plane waves at normal 
incidence to infinite planar surfaces. When a flaw has a finite 
size, smaller than the wavefront, and the wave is not at 
normal incidence, the behavior of the reflected wave is no 
longer simple. Baborovsky et al. (34) demonstrated by prac-
tical and theoretical studies that no fewer than 14 different 
wave trains were scattered or reflected by a surface breaking 
slit from a single incident shear wave. Similarly, the diffrac-
tion effects, whereby sound is generated over 3600  as if from 
a point source, observed for both planar and volumetric de-
fects, have been used as the basis for other sizing techniques 
(5,29). 

Flaw orientation and roughn ess—From the assumption 
that ultrasound propagates rectilinearly, thereby allowing 
ray diagrams to be used to predict sound paths, it is evident 
that the angle which a flaw plane makes with an incident 
beam will influence the direction of the reflected pulse and 
therefore will affect detection. An investigation by Meyer 
(35) carried out on smooth machined slots of different sizes 
showed clearly the great effect of orientation on amplitude of 
reflected signal, the result being given in Figure 5 of the main 
report. Echo amplitude is not only highly sensitive to angle 
of incidence, but this dependence increases as defect size 
becomes greater. This is almost certainly due to a lesser 
tendency for large defects (in relation to the ultrasonic wave-
length) to behave as diffraction sources reradiating sound 
over 360°. In addition, a study by Coffey (7) which also 
included defect surface roughness as a parameter indicated a 
reduction of signal amplitude with increasing roughness at 
normal incidence but a lesser rate of fall in amplitude with 
increasing angle of incidence for rough defects as opposed to 
smooth slots. Reèent work at The Welding Institute (5) has 
corroborated these findings on the effect of roughness. In-
deed it appears that defect roughness has a major controlling 
influence on the reflected signal amplitude. Echoes received 
only arise from small, favorably oriented areas on the crack 
surface rather than from the major plane of the crack itself, 
which confirms that the echo amplitude bears little or no 
relation to the dimensions of the major plane of a crack but 
is wholly dependent on small facets of the surface. 

Influence of AWS D1.1 Procedural Requirements 

In addition to the considerations previously given, which 
are associated with the physics of ultrasound, some of the 
stipulations of the AWS Code also affect test performance. A  

strict testing procedure is laid down (Section 6c), with an 
acceptance/rejection criterion for any defect based princi-
pally on its amplitude of response. Section 9.25.3 of the Code 
states: "Ultrasonically tested welds are evaluated on the 
basis of a discontinuity reflecting ultrasound in proportion to 
its effect on the integrity of the weld." Table 9.25.3 (see 
Table I) of the Code sets out the amplitude threshold levels 
for acceptance/rejection for different probe angles and plate 
thicknesses. 

This procedure was developed from recommendations re-
sulting from studies carried out on behalf of AWS. Many 
details of current procedures are outlined in the report of 
investigations carried out by the California Division of High-
ways into ultrasonic inspection methods for welds in bridges 
(36). The test procedure has gained wide acceptance within 
the United States and elsewhere (37). The philosophy behind 
the AWS Code test method was outlined by Shenefelt (38) 
shortly after its introduction, and the same principles apply 
to the current version (1). One of the main factors which has 
influenced the development of the rigorous AWS Code pro-
cedure is the view that: "In order to attain consistent results 
in ultrasonic weld testing, it is necessary that a consistent 
procedure be used" (38). Although this is generally ac-
cepted, the tendency within the United States has been to 
structure testing procedures so the operator is constrained by 
rigid scanning, sensitivity, and accept/reject requirements, 
which in practice allow little latitude for the use of judgment 
based on experience when assessing defects. This is true of 
both the AWS (1) and ASME (12) ultrasonic inspection 
requirements, the two major codes used within the United 
States, and is in sharp contrast to practice within the United 
Kingdom. In the UK, the usual procedure is to establish a 
suitable test method for the job using recommended test 
methods outlined in British Standards (11) or similar docu-
ments (9, 10), but these are only guidelines for good practice 
and do not prevent procedural variations being incorporated 
to meet the demands of the testing situation or to aid defect 
diagnosis. 

Transducer specification has a profound effect' on test 
resolution. Coffey (7) estimates that range resolution is no 
better than one quarter the ultrasonic pulse length, measured 
in inches (mm) in the material under test, which is dependent 
on transducer frequency and level of damping. Similarly, 
lateral resolution is equal to one-half the beam width, which 
is principally dependent on transducer frequency and crystal 
size. The requirement to use relatively large transducers in 
the 2.0-2.5 MHz range would indicate that both lateral and 
range resolution will be less than the optimum attainable with 
smaller crystals and higher frequencies. 

Efficiency of coupling between the ultrasonic probe and 
surface has been shown to vary markedly with changes in 
surface finish (3) with consequent variations in actual test 
sensitivity. This will change the apparent sensitivity used to 
assess a defect's "d" rating. There is no precise requirement 
for surface finish given in the Code. 

The "2 dB per inch" correction for material attenuation is 
also a source of error in estimating "d" ratings. Experi 
mental and theoretical work on the nature of DGS and DAC 
curves (16, 22) has shown that the slope of such curves is 
highly dependent on attenuation and cannot be represented 
by a simple correction factor. 
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Performance of Defect Assessment Techniques Based on 
Amplitude 

A comprehensive systematic study of the foregoing effects 
has been undertaken by Serabian (8) who concluded that the 
inherent problems associated with the use of signal ampli-
tude, either directly or indirectly, to evaluate flaws impose 
severe limitations on the attainable accuracy of such meth-
ods. The developments of amplitude independent sizing 
methods and the use of computing techniques to extract 
more information from the available signal are advocated. 

Certainly programs aimed at establishing the effectiveness 
of amplitude-based techniques have yielded disturbing re-
sults. Results of the Plate Inspection Steering Committee 
(PISC) exercise in Europe (a subsidiary of the PVRC ultra-
sonic testing assessment program) were presented in two 
principal ways: the probability of defect detection by the 
procedures used and the probability of rejecting correctly an 
unacceptable defect according to the code in force (ASME 
Section XI) (6). It was shown that a crack would require to 
have a through-wall size of 2.4 in. (60 mm) for an 85 percent 
probability of detection (the limiting value) at the 95 percent 
confidence level if the PISC procedure (based on ASME XI) 
were used. Other types of defects, notably cluster defects, 
showed even poorer probabilities of detection. Similarly, 
crack-like defects were required to be 2.8 in. (70 mm) deep 
to be correctly rejected by the procedure in 85 percent of 
cases at the 95 percent confidence level (again the limiting 
value). 

Additionally so called "alternative procedures" were also 
employed during the PISC exercise. These consisted of a 
variety of specialized manual and automated methods devel-
oped for inspection of nuclear plant components and ex-
hibited a significant overall improvement on the PISC proce-
dure. For crack-like defects, detection probability reached 
95 percent for a defect through-wall size of 2.0 in. (50 mm) 
and probability of correct rejection, again for crack-like de-
fects, was 95 percent for a through-wall size of 0.7 in. (18 
mm). In addition, for the PISC procedure, there was poor 
correlation between estimated and actual defect size. Errors 
were smaller for the alternative procedures. Other studies of 
accuracy of techniques based on amplitude, specifically 
related to AWS Dl.! (14, 15), again showed a poor correla-
tion between defect size estimated by the method stipulated 
and actual size. 

OTHER DEFECT SIZING METHODS 

The other principal method of sizing defects is to use echo  

signal amplitude indirectly, monitoring the way this rises and 
falls as the transducer is traversed over a defect (9, 10). Some 
of the inherent complications of the reflection process con-
tinue to apply to these "probe movement" methods and their 
use does not completely eradicate sizing errors. Again, Sera-
bian (8) has attempted to quantify the effects of flaw size, 
orientation, roughness, etc. on the detection and measure-
ment process. It is clear that the large number of interrelated 
variables which will potentially affect the test result, together 
with the almost infinite variety of possible flaw morpholo-
gies, will give rise to detection problems and measurement 
errors. Nevertheless, a measurement of defect through-wall 
size is obtained, and recent work (5, 17) has been aimed at 
quantifying the magnitude of errors involved so error toler-
ance levels can be generated. This approach enables the size 
measurements so obtained to be used reliably as an input to 
fracture mechanics. 

However, the error magnitude of ± a few millimeters ob-
tained from the previous studies can lead to considerable 
variations in fracture assessment and ways of improving ac-
curacy have been sought. Problems of ensuring reproduci-
bility of results with amplitude-based methods (38) prompted 
Silk and his colleagues to investigate time-of-flight methods 
for defect measurement. These largely overcome the prob-
lems associated with amplitude measurement, and their ac-
curacy has been demonstrated (5, 29, 30, 33, 39). In recent 
reviews of defect sizing methods Doyle and Scala (40) and 
Lumb (41) conclude that time-of-flight methods of defect 
measurement offer great potential for improving measure-
ment reliability. 

Other methods for defect measurement which have been 
researched include maximum amplitude (8) (note: this is not 
the same technique as the one referred to elsewhere in this 
report), spectroscopy (8, 42), synthetic aperture focussing 
(43), and holography (18, 19)—but none of these is yet suit-
able for use in the field as a general inspection tool and they 
have not been thoroughly evaluated on real defects. 
However, as indicated in Appendix A, the use of computing 
techniques is becoming more widespread in equipment for 
field use (26, 32), and in some cases highly complex mathe-
matical analyses are incorporated in such instruments (44). 
Another avenue currently being explored is that of using 
electromagnetic generation of ultrasound instead of a piezo-
electric element. This gives greater control over the resulting 
ultrasonic beam, and it enables wave modes to be generated 
which cannot be excited by a piezoelectric crystal. Some 
work has been performed within the UK in this area (45), but 
wider applications are currently being sought in the US (20). 

APPENDIX C 

RESEARCH SPECIMENS 

GENERAL DESCRIPTION 

The results of ultrasonic examinations of welds are criti-
cally dependent on the nature of the joint under test and the  

form of defects present. In a program such as this where 
techniques and procedures are being studied with respect to 
a particular type of joint (i.e., structural welds in bridges), it 



is highly desirable that the specimens used represent as 
closely as possible the conditions prevailing in such joints. 

To this end, all welded specimens produced were manufac-
tured from equivalent grades of steel to those used in the 
United States for structural steelwork. Welding processes 
were representative of those widely used for welding bridge 
structures, namely shielded metal arc (SMA) (also known as 
manual metal arc (MMA)), and submerged-arc (SAW). Sur-
face finish was typical of that found in structural weidments 
(i.e., hand grinding of weld caps produces a rippled, uneven 
finish which cannot be adequately simulated by machining), 
and defects introduced for study were, where possible, 
"natural" flaws. It should be noted that all defects intro-
duced were intended to be representative of fabrication de-
fects only. Fatigue cracks were not included. 

A total of 17 welded specimens were produced in three 
thicknesses of steel plate in which 35 defects were manufac-
tured. In addition three further specimens were manufac-
tured by diffusion-bonding with a total, of 8 shallow square 
slots of known size incorporated into the bond face to simu-
late planar defects. This enabled interim conclusions to be 
drawn from the program during its execution without the 
need to destroy specimens. 

MATERIAL 

A recent study (4) has shown that minor microstructural 
variations between different grades of ferritic carbon and low 
alloy steel have little effect on ultrasonic behavior. Never-
theless microstructural and compositional changes do affect 
welding metallurgy and can influence the form of defects 
produced in the weld. It was therefore decided to use steels 
conforming to ASTM Grade A36, a typical structural grade. 
Table C- 1 gives the chemical composition requirements for 
A36 steels, and Table C-2 (a and b) gives chemical analyses 
of the three plate thicknesses used for these investigations. 
These were conducted at The Welding Institute and were 
obtained using a direct reading spectrograph after remelting 
a through-thickness sample to minimize the effect of local 
compositional variations. 

It can be seen that these plates fall within the A36 specifi-
cation with the exception that the 3.9-in. (98-mm) plate had 
a lower silicon level than specified. This one variation would 
not be expected to influence metallurgical properties suffi-
ciently to affect ultrasonic testing. 

WELDING 

Welding was carried out entirely in a conventional manner 
using the SMA and SAW processes, except where these 
needed to be modified to introduce the required flaws. De-
tails of the welding process and weld preparations for the 
specimens are given in Table C-3, and an example of the 
process record sheets (for J204) is given in Figure C-i and 
Figure C-2. Four types of defect were included. These were: 

Slag lines—Linear inclusions produced by insufficient 
interrun cleaning. 

Lack of fusion—both sidewall and interrun, produced 
by using low power metal inert gas (MuG) welding to deposit 
the required area of defect. This method effectively casts 
metal into the joint with no fusion of the metal below because 
of insufficient heat input. 

Solidification  cracking —Produced by submerged-arc 
welding using a condition to give a deep, narrow weld bead, 
the shrinkage stresses on cooling causing the bead to rupture 
along the center line. 

Freeze-break cracking—produced by partially welding 
the joint, cooling it, and fracturing it in a brittle manner 
through the ligament of weld metal. The two halves are then 
fitted together and the weld completed. 

All mechanisms except freeze-breaking produce entirely 
natural flaws that are highly desirable for demonstration of 
the capabilities of ultrasonics. Furthermore, their location 
and dimensions can be closely controlled during the welding 
operation. Freeze-break cracks are not natural as they are 
brittle failures, and such crack morphologies would not be 
expected to be found in welds. Nevertheless, it is otherwise 
difficult to produce cracking greater than one weld pass in 
depth; therefore this method was used for the larger cracks. 
For example, solidification cracking is only likely to exist 
within one bead under most circumstances. 

Further details of the manufacture of controlled defects for 
weld testing purposes are given in the Document Cl, "Mak-
ing defective welds," which is appended. 

On completion the weld caps of all specimens were ground 
by hand to leave a generally flat surface, and all were radio-
graphed to establish whether the intended defects had been' 
produced successfully. All appeared satisfactory except that 
only one defect was clearly defined in specimen J201. (The 
original radiographs are available if required.) 

TABLE C-I 
ASTM A36 CHEMICAL COMPOSITION REQUIREMENTS. 

Element, wt% 

Plate thickness 
C 

Mn 
P S Si 

(Max.) (Max.) (Max..) 

To 1/in. (19mm) inclusive 0.25 - 0.04 0.05 - 

Over '/ 	to ilin. 	(19 to 38mm) inclusive 0.25 
0.80- 
1.20 

0.04 0.05 - 

Over 11 to 2in. (38 to 6mm) inclusive 0.26 0.80- 
1.20 

0.04 0.05 
0.15- 
0.30 

Over 2 	to 4in. (64 to 102mm) inclusive 0.27 
0.85- 
1.20 

0.04 0.05 
0.15- 
0.30 



C S P Si Mn Ni Cr Mo V Cu Cb Ti Al B 

3.9iii. 0.24 0.022 0.027 0.07 1.02 0.05 0.03 0.01 <0.01 0.02 <0.005 0.004 0.016 <0.0005 
(98mm) 
plate 0.23 0.020 0.027 0.07 1.01 0.05 0.03 0.01 <0.01 0.02 <0.005 0.005 0.018 <0.0005 

0.25 0.038 0.011 0.02 1.04 0.06 0.03 0.01 <0.01 0.02 <0.005 <0.003 0.010 <0.0005 

1.5in. 0.15 0.016 0.012 0.23 0.90 0.02 <0.01 <0.01 <0.01 0.01 <0.005 <0.003 0.029 <0.0005 
(40mm) 
plate 0.15 0.016 0.012 0.21 0.89 0.02 <0.01 <0.01 <0.01 0.01 <0.005 <0.003 0.030 <0.0005 

0.15 0.015 0.012 0.22 0.90 0.02 <0.01 <0.01 <0.01 0.01' <0.005 <0.003 0.033 <0.0005 

Pb 
	

Sn 	Co 

<0.01 	0.02 

<0.01 	0.02 

<0.01 <0.01 

<0.01 <0.01 

<0.P1 <0.01 

<0.01 <0.01 

TABLE C-2(a) 
CHEMICAL COMPOSITION 0.4-IN. (10-MM) PLATE. 

Element, wt% 

C S P Si Mn Ni Cr Mo V Cu Cb Ti Al B 	Pb Sn Co 

0.24 0.021 0.007 0.26 0.76 0.02 . 0.01 	0.01 	<0.01 	0.02 	<0.005 	<0.005 	0.050 	<0.0005 	<0.01 	<0.01 	<0.01 

TABLE C-2(b) 
CHEMICAL COMPOSITION 3.9-IN. (98-MM) AND 1.5-IN. (40-MM) PLATE. 

Element. wt% 

Szmnle 
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TABLE C-3 
WELDING DETAILS. 

Plate 	 Root 	 Root 
thickness 	 gap 	 face 	 Preparation 

Specimen 	 Welding 	Preparation 	 angle 
number 	 process 	 degrees 

Inches (mm) 	 Inches (mm) Inches (mm) (total)  

J201 3.9 (98) SAW Double V 0.16 (4) 0 65 

J202 3.9 :(98) SAW Double V 0.16 (4) 	 . 0 63 

J203A 3.9 (98) SAW Double V 0.16 (4) 0 55 

J2038 3.9 (98) SAW Double V 0.16 (4) 0 65 

J204 3.9 (98) SAW Double V 0.16 (4) 0 65 

J205A 3.9 (98) SAW Double V 0.16 (4) 0 65 

J205B 3.9 (98) SAW Double V .0.16 (4) 0 65 

J206 3.9 (40) SAW Double V 0.16 (4) 0 65 

J207 3.9 (40) SAW Double V 0.16 (4) 0 65 

J208 3.9 (40) SAW . Double V 0.16 (4) 0 65 

J209A 3.9 (40) SAW Double V 0.16 (4) 0 65 

J209B 3,9 (40) SAW Double V 0.16 (4) 0 65 

.3210 3.9 (40) SMA Double V 0.16 (4) 0 51) 

J211 0.4 SAW Square butt 0.16 (4) 	- - - (2 passes) - 

J212A 0.4 (9.5) SMA Single V 0.06 (1.5) 	0.06 (1.5) 70 

.32128 0.4 (9.5) SMA Single V 0.06 (1.5) 	0.06 (1.5) 70 

.3213 0.4 (9.5) SMA Single V 0.06 (1.5) 	0.06 (1.5) 70 

NB. All submerged arc welded specimens (except .3211) have SMA root pass. 

DIFFUSION BONDING 

The diffusion bonding process produces a joint between 
two flat clean surfaces by the application of heat and pres-
sure. The joint is made entirely in the solid state by, as the 
name implies, diffusion of voids away from the interface to 
eliminate the boundary between two pieces of material, leav-
ing a single component. No macroscopic deformation is ob-
served during bonding. This process required a high standard 
of surface preparation of the joint surfaces, which are butted 
together prior to the joint being made. It is therefore apparent 
that a shallow groove cut in one of the joint surfaces will 
leave a void in the subsequent bond. This has been exploited 
to produce totally embedded reference reflectors of known 
size for ultrasonic calibration purposes, and further details 
are given in Document C2, "Diffusion bonded test blocks for 
ultrasonic testing," which is included at the end of this ap-
pendix. 

Three specimens were produced by this method for use in 
the program to provide a set of known reference defects with 
which other results might be compared in the interim without 
destroying specimens. Two of these were square butt joints, 
but the third contained a bond angled at 300  to the thickness  

direction of the plate to simulate inclined fusion boundary 
defects. 

All defects were in the form of square slots 0.005 in. (0.13 
mm) deep and milled into one of the joint faces. Their form 
on completion of the joint is therefore that of a rectangular 
planar defect. Details of the specimens and defect dimen-
sions are given in Table C-4. 

SPECIMENS 

The range of specimens produced enabled the capabilities 
of the AWS Code ultrasonic techniques plus the other meth-
ods used to be investigated on a variety of cracks and non-
crack-like flaws. Furthermore, the thickiiesses used, 0.4, 1.5 
and 3.9 in. (9.5, 40 and 98 mm) enabled a range of the spec-
ified AWS Code procedures to be included in the study and 
the effect of thickness on the accuracy of other methods to 
be examined. 

A complete description of all the specimens used in this 
program is given in Table C-S. This includes details of defects 
intended to be produced during welding. A description of the 
actual defects and sectioning procedures is given in the fol-
lowing. 
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THE WELDING INSTITUTE 

SUBMERGED ARC 

WELDING RECORD SHEET 
	

PROCEDURE No.  

NAMEOFWELDER ________________ JOBNo... 

DATEOF WELDING 	IS o 	P.W.LABREF.f 

	
SKETCH 

Welder to record information when boxes ticked. 

WIRE TRADE NAME 	 r 
BATCH No's 

FLUX TRADE NAME 	ge. 

QUANTITY 	
{WIRE 

USED 	I 	SLAG WEIGHT 

FLUXSO 

ELECTRODE CONFIGURATION 

A 

I 	/1 SKETCH ELECTRODE CONFIGURATION, EXTENSION, ETC. 

Iit POWER SOURCERS AND WELDING HEAD 

/ ROOT RUN PROCESS AND CONSUMABLE S 

FLUX BURDEN DEPTH 

SLAG DETACHABILITY 

MA/IA - 

RUNNo. 
 

ELECTRODE No. 
 

WIRE DIA. FA  

CURRENTACDC+DC' 

ARCVOLTAGE I  

TRAVELSPEED - 
- ENERGYINPUT  

ADDITIONAL INFORMATION REQUIRED 

DEFECTS OBSERVED 

REPAIRS CARRIED OUT 

AS FORM PW1 (REQUEST FOR WELDING SERVICES) OR PW3 (PROCEDURE) FOLLOWED? 	YES 	NO 

IF NOT, STATE CHANGES 

WERE NOT STANDARDS ACHIEVED? 
IF NOT, STATE WHY 

P.W. LAB. INSPECTION. 	-- 	 Signed: 

SATISFACTORY I -'i INSPECTED BY: 	. 	 FOR RELEASE 	 Date: 	/S7O 
Form no. P.W.5 

Figure C-I. Process record sheet for we/ding of sped/hen .1204 (we/cling conditions). 



Specimen 
number 

Plate 	 Joint 
thickness 	preparation 	Planar defect sizes  

TABLE C-4 
DETAILS OF DIFFUSION-BONDED SPECIMENS. 

Inches 	(mm) 	 Inches 	(mm) 

J251 	0.4 	(9.5) 	Square edge 	1.2 x 0.1 	(30 x 3) 

1.2 x 0.2 	(30 x 6) 

J252 	1.5 	(40) 	Bevel edge* 	1.2 x 0.1 	(30 x 3) 

1.2 x 0.2 	(30 x 6) 

1.2 x 0.5 	(30 x 12) 

J253 	1.5 	(40) 	Square edge 	1.2 x 0.1 	(30 x 3) 

1.2 a 0.2 	(30 a 6) 

1.2 x 0.5 	(30 x 12) 

*30o from vertical 
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Each specimen was clearly marked with its individual 
number, and reference points were identified according to 
the requirements of the Code, Section 6.19. Surfaces A and 
B were marked-A being marked with a Y-and on both 
surfaces a center line was scribed on the ground weld cap, 
this representing x = 0. This enabled distance along the weld 
to be measured (from end y) and identification of the surfaces 
A+, A-. B+ and B-. the distance x being measured from the 
scribed center line. 

SURFACE FINISH FOR TESTING 

All specimens had an as-rolled plate surface finish with the 
weld caps hand-ground smooth, producing a smooth, but 
rippled, finish. Studies by Coffey (3) have indicated that a 
minimum requirement for surface finish for components to 
be ultrasonically tested is a short range roughness better than 
125 ,.cin. CLA (3.2 jLm Ra) and a medium range waviness 
such that a gap greater than 0.020 in. (0.5 mm) cannot be 
present beneath a 2 in. (50 mm) long straight edge placed 
anywhere on the surface. 

Assessment of roughness of the specimens using a com-
parator gauge indicated that they were all well within the 
limit given above, but waviness was more difficult to quan-
tify. To do this a stylus attached to a linear displacement 
transducer was scanned across the specimen and the output 
plotted on an x-y recorder to produce a trace of the vertical 
displacement of the stylus tip. Line scans were taken every 
0.4 in. (10 mm) over the weld area, both perpendicular and 
parallel to the weld centerline. The results for J204 are shown 
in Figure C-3 and Figure C-4, respectively. Only three areas 
on perpendicular scans and no areas on parallel scans were 
found to be outside the above requirements. The surface was 
therefore considered suitable for testing according to these 
criteria, and surfaces of other specimens gave very similar 
results. 

Figure C-2. Process record sheet for welding of specimen 
J204 (iielding sequence). 

However, these surface criteria were determined with the 
miniature probes commonly used in the UK in mind, which 
have a contact surface area in the region of 0.3 in.2  (60 mm2). 
Contact areas or probes meeting AWS Dl.l Section 6.15 
requirements may have a contact area of 1 in.2  or more 
(greater than 645 mm2) and, consequently, a smaller degree 
of waviness can be tolerated if coupling is to be maintained. 
Difficulties were experienced on occasions in maintaining 
coupling during tests to AWS procedures on these surfaces, 
which are not atypical of those expected on a site weld. 

3ECTIONI NG 

After completion of the ultrasonic tests most of the speci-
mens were sectioned to reveal actual dimensions of the de-
fects present. This was done in two ways. First, a brittle 
fracture technique was used for defects of a simple shape. 
This involves determination of a defect's location from radio-
graphic and ultrasonic data and cutting a full width slice 
containing it from the specimen. A shallow V notch is then 
milled in the surface of the slice directly above the position 
of the defects to act as an initiator, and the block is cooled in 
liquid nitrogen to ensure brittle behavior, thus ensuring mini-
mal deformation. The sample is then fractured in a three-
point bend loading mode. In most cases the fracture takes 
place directly through the defect so that its morphology and 
size can be measured. 

Second, more complex defects and those not suitable for 
brittle fracture (such as some horizontal lack of fusion or 
those whose position has not been so closely defined by 
nondestructive tests) were revealed by progressive section-
ing. This involves isolating a block containing the defect and 
then taking transverse sections (perpendicular to the x = 0 
line) every 0.2 in. (5 mm). This enables the detail of the 
defect's cross-section to be clearly seen, and morphology 
along its length can be determined by interpolation between 
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TABLE C-5 
SPECIMEN DETAILS. 

Number 

Specimen 

Dimensions 

Inches (mm) 

Defect
number 

Intended defects 

Type 

Size requested 

Inches 	(mm) 

.1201 13.8 x 13.8 x 3.9 (350 x 350 x 98) 1 Solidification crack f 
2 Solidification crack 2 x 'us 	(50 x 4) 

3 Solidification crack 

.1202 11.8 x 13.8 it 3.9 (300 it 350 x 98) 4 Slag line 

5 Slag line 2 it 	 (50 X 3) 

6 Slag line I 
.J203A 1.3 it 13.8 x 3.9 (160 it 350 it 98) 7 Freeze-break crack 12 	 .50 	9) 
J203B 5.5 x13.8 it 2.9 (140 it 350 x 98) 8 Freeze-break crack 

.1204 11.8 x 13.8 x 3.9 (300 x 350 x 98) 9 Lack of fusion 

2 (50mm) long. 
10 Lack of fusion 	' depth uncertain 
11 Lack of fusion 

J205A 6.3 x 13.8 x 3.9 (160 x 350 it 98) 12 Freeze-break crack 2 x 3/ 	(50 x 9) 

J205B 5.5x 13.8 x 3.9 (140 x 350 x 98) 13 Freeze-break crack 2 x 'Ii. 	(50 it 4) 

.1206 13.8 it 13.8 x 1.4 (350 x 350 x 40) 14 Solidification crack 

15 Solidification crack 2 x 	(50 x 3) 

16 Solidification crack 

.1207 13.4 it 	13.8 it 	1.5 (340 it 350 x 40) 17 Slag line 

18 Slag line 2 x 	i/s 	(5) it 	3) 

19 Slag line 1. 
J208 9.8 it 	13.8 x 	1.5 (250 x 350 x 40) 20 Freeze-break crack 2 x 	II.. 	(50 it 6) 

21 Freeze-break crack 2 it 	 (50 it 	9) 

J209A 4.9 x 	13.8 it 	1.5 (125 x 350 it 40) 22 Freeze-break crack 2 x 	(50 x 6) 

J209B 4.7 x 13.8 x 	1.5 (120 x 350 x 40) 23 Freeze-break crack 2 x 	1 .18 	(50 x 9) 

.1210 13.6 it 	13.8 it 	1.5 (320 it 350 x 40) 24 Lack of fusion 

25 Lack of fusion 1 (50mm) long. 
I depth uncertain 

26 Lack of fusion 

JIll 5.9 x 	11.8 x 0.4 (150 it 	300 it 	9.5) 27 Freeze-break crack 2 it 	'/. 	(50 x 	4) 

J212A 11.8 x 	11.8 x 0.4 (300 it 	300 it 9.3) 28 Lack of fusion 

29 Lack of fusion 
2Th50mm 	long. 

30 Lack of fusion depth uncertain 
J2123 11.6 	it 	11.8 x 	0.4 (295 x 300 it 9.5) 31 Lack of fusion 

32 Lack of fusion 

33 Lack of fusion 

.1213 9.8 it 	11.3 x 	0.4 (250 x 300 x 9.5) 34 Slag line (50mm) long. 
depth uncertain 

35 Lack of fusion 

J251 5.9 x 7.9 x 0.4 (150 it 200 x 9.5) 36 Square slot 1.2 x 	(30 it 	3) 

37 Square slot 1.2 X 	(30 it 	6) 

.1252 8.7 x 7.9 x 	1.5 (220 x 200 it 40) 38 Square slot 1.2 x 	(30 it 	3) 

39 Square slot 1.2 	it 	(39 	it 	6) 

40 Square slot 1.2 	it 	(30 	it 	12) 

J253 8.7 	it 	7.9 x 	1.5 (220 x 	200 it 40) 41 Square slot as for J8 

42 Square slot as for 39 

43 Square slot as for 40 
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the defect on each of the slices. Note that 0.2 in. (5 mm) is 
the thinnest slice which can be conveniently handled. 

In both cases all parts of the specimen were stamped and 
reference points for dimensions scribed on before cutting. so  

that positions of defects in the various sections could be 
related to the original datum points. Sectioning method de-
fects found and their sizes are given in Table C-6. Examples 
of defects are shown in Figures C-S through C-9. 
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Figure ('-3. Su,:face  finish of specimen J204. Scans perpen-
dicular to weld centerline. Ringed areas show a gap qf 
greater than 0.5 mm under a 50-,n,n straight edge. 
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Figure C-4. Surfiue finish of specimen J204. Scans parallel 
to weld centerline. 

0 l 

Figure ('-5. Macrosection of solidification cracks, defect 1. (Enhanced by 
magnetic particle inspection.) 
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TABLE C-6 
SECTIONING AND DEFECTS REVEALED. 

Specimen 
Defect 
number 

Sectionine 
method Defect revealed  

Size 
length x depth x width 

Inches 	 (mm) 

1201 I S Solidification cracks 2.2 x 0.5 x 0.1 (53 x 12 x 2) 
1.1.x 0.3 x 0.1 (28 x 7 it 2) 

2 Not sectioned Not confirmed 
radlographically 

Not reliably confirmed 
3 Not sectioned ultrasonically 

1202 4 F Slag Une 2.0x0.1x0 (51x3x0) 

5 F Slag line 2.0x0.1x0 (52x3x0) 

6 S Slag LIne 	short crack 2.2 x 0.20 x 0.12 (55 x 5 x 3) 

1203A 7 F Freeze-break crack 1.81 x 0.2 x 0 (46 x 5 x 1) 

J203B 8 S Freeze-break crack 2.1 x 0.3 it 0.1 (52.5 ,c 8.5 x 2) 

1204 9 Not sectioned 

Many small reflectors 
10 Not sectioned present in specunen. 

11 Not sectioned Retained for further 
study 

J205A 12 F Freeze-break crack 2.2 it 0.4 x 0 (55 x 9 x 0) 

12058 13 F Solidification crack 1.8 it 0.2 it 	0 (45 it 4 x 0) 

3206 14 F Solidification crack 2.0 it 0.1 x 0 (52 it 	3.5 it 0) 

15 F Solidification crack 1.9 x 0.1 x 0 (47 it 	3 it 0) 

16 F - - - 
3207 17 F Slagline 2.0x0.2x0 (52x4x0) 

18 F SLagliTle 2.0x0.2x0 (52x4x0) 

19 F Slag line 2.3x0.2x0 (58x4x0) 

3208 20 F Freeze-break crack 1.9 x 0.2 it 0 (49 it 	4 it 0) 

21 F Freeze-break crack 2.0 x 0.3 it 0 (50 x 7 x 0) 

J209A 22 F Freeze-break crack 2.0 x 0.3 it 0 (51 it 7 x 0) 

32098 23 F Freeze-break crack 1.9 it 0.4 x 0 (49 x 9 it 0) 

1210 24 F Lack of fusion 2.1 it 	0.3 	it 	0.2 (54 it 8 x 4) 

25 F Lackoffusion 2.0x0.1x0.2 (52x3it6) 

26 F Lackoffusion 2.2x0.2x0.1 (56x6x3) 

J211 27 F Freeze-break crack 2.1 	it 	0.2 	itO (54 x 4 itO) 

12121 28 Not sectioned 

29 Not sectioned 

30 Not sectioned 

1212B 31 Not sectioned 

32 Not sectioned 

32128 33 Not sectioned 

1213 34 F Slag Line 1.9 it 	0.1 	x 	0 (48 x 	2.5 itO) 

35 F Lick of fusion 2.0 	it 	0.1 	it 	0.3 (50 	it 	15 	it 	7) 

J251 36 Not sectioned 

37 Not sectioned 

3252 38 Not sectioned 

39 Not sectioned 

40 Not sectioned 

1253 41 Not sectioned 

42 Not sectioned 

43 Not sectioned 

lethod of reveaLing defects - 	S 	sectioned 

F 	freeze break 

'Width' indicates lateral extent 	for volumctrie dcfect 	and Lateral distance between cxt'c 5 t1u for 	ion- vc'-ticttl 

planar defects. 
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Figure C-6. Macroseciwn of freeze-break craik, defect 8. 
(Enhanced by magnetic particle inspection.) 
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Figure C-7. Fracture surf ices revealing freeze-break crack, defect  29. 
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ii,'ure C-8. Fracture surf ,ces revealing lack ofjusion,  defect 25. 

f!gf!r(' (-9. 1ii,itiiic' sup:! aces rei'eali,ig slag line, defect /7. 
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Making defective welds 

by J Haugh. Tech(CEI) and I J Jessop, BSc(Eng), ACGI. MWsIdI 

An article with an identical title to this was published in the Research BUlletin in 1974.1 

The author described methods which were being used at that time to produce weld 
defects in a controlled and reproducible manner for research into the significance of 
defects, and for training of non-destructive testing (YDT) operators. He stated that: 
'fabricators, recalling problems which they have experienced in reducing defects in 
their own products, are amused that the Institute has perhaps had greater problems 
in making defects to order.' This still applies today, but the requirements for welds 
containing defects have become more stringent and a wider range of materials has been 
studied. This article reports recent work in this area. 

In August 1976 the Institute embarked upon a 
major programme to study the interaction of 
ultrasonic energy with real defects in ferritic steel 
weidments. It was hoped that this would provide 
data to enable the accuracy and reliability of defect 
characterisation by ultrasonic testing to be im-
proved. It is clear that the quality of the defective 
specimens produced for such a programme is of 
vital importance. All types of defect were required 
and. since defect size was to be studied as a 
variable, sortie control over defect dimensions was 
necessary. 

The project is continuing,' although most of the 
specimens have now been manufactured. Publicity 
for the project brought several requests from 
Research Members for the supply of specimens 
containing defects, and consequently activity in 
this area has been considerable. Most specimens 
have been made from structural or pressure vessel 
steels but. more recently, stainless steel defective 
specimens have been ordered for both internal 
project-, and for a Research Member.' 

In discussing defective specimens it is important 
to define the type of method used to produce the 
defect. The most satisfactory source of specimens 
is structures and fabrications which were intended 
for service but were found to be unacceptably 
defective. Unfortunately, it is rarely economically 
feasible for structures to be scrapped: repair of the 
defects is generally undertaken. However, there 
have been cases where specimens have been 
obtained in this way; for example lamellar tearing 
was so extensive in one particular vessel that it 
was donated to The Welding Institute for research 
purposes The best alternative is to create, in the 
laboratory specimen. the conditions necessary 
for the required defect to form naturally. This 
is the approach most often adopted. The third 
possibility, when neither of the above methods is 
successful, is to simulate the defect as closely as 
possible. 

GENERAL CONSIDERATIONS 

Defective specimens have been made in various 
dimensions and thicknesses: typically in the range 
150 < 150.< 12mm thick to 500 ,. 500 . 80mm thick. 
The upper limit is set generally by the necessity to 
move the specimen about the laboratory for the 
various operations during manufacture. The 
number of defects per specimen usually ranges from 
one to four depending on size. 

Defective specimens have also been manufactured 
in the form of circumferential pipe sselds typically 
150mm diameter by 19mm wall. These specimens 
present an additional difficulty in view of the lack 
of access from the reverse side, and because of the 
narrow weld preparation. 

The submerged arc (SA) or manual metal arc 
(MMA: welding processes are normally used for 
plate specimens. In pipe specimens. MMA, 
tungsten inert gas (TIG) or metal inert gas (MIG3 
processes are used. TIG weld runs are also used 
where necessary to protect the defect from being 
fused into the molten pool of the lollowing passes 
of MMA, SA or MIG using normal welding 
currents. 

The size of the defect requested may vary, but 
50mm long is usual for all types. The width and 
through thickness alter according to the type of 
defect. The various tolerances on size are indicated 

Typical sizes and tolerances of defects. 

Tolerance 

Through 
Size. 	Lengzh.* 	thickness, 
mm 	mm 	mm 

Slag inclusions 50 2 1 	= I 

Porosity 50 - 	5 ± 2 	= 

Incomplete penetration 50 1.5 1 	± 1 
Lack of fusion 50 . 	5 1 	1 
Solidification crack 50 5 ± I 	± 2 
Brittle fracture crack 50 8 = 1 	 1 

Mr Haugh s in the Arc \\elding  Department and MrJessop 	HAZ crack 	 Not determined 
is Section Head ol Non-Destructive Testing Research in the 
Engineering Department. 	 Generally controlled by mechanlai trirnlrrrng (e 9. gfindiOg). 
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1 	Scaii.r.d smaS iilg 
,nCiuiofls 45mm placI. in the Table. All weld metal defects can be 

controlled in the longitudinal dimension by mech-
anical trimming e.g. grinding before the covering 
runs are completed. Control of the through thick-
ness dimension relies on controlling the penetration 
of the covering passes. 

DEFECTS 
Slag inclusions 
The welding processes which are prone to slag 
inclusions are MMA. MIG and SA. Slag inclusions 
can be found in any position in a welded joint and 
in practice slag defects in a weld usually are 
scattered. The size of these defects varies: some-
times they occur as small particles Fig. I) and 
sometimes as a continuous line (Fig. 2). 

A slag line can be produced at any position in the 
weld and would generally be made about 50mm 
long with a cross sectional dimension of — 2mm. 
This is inserted by welding to the point where one 
end of the defect is to be located, and restarting 
the weld pass —54mm further on. Adjacent passes 
can be completed as normal, leaving a recessed 
volume of 54 7 x 3mm into which powdered 
slag is placed, where it fuses as the temperature is 
raised during subsequent passes. Small TIG weld 
runs are made on either side of the slag until a 
bridging run can be placed to cover the defect. 

This area must be covered by 4-5mm of weld 
metal using a low current before conventional 
welding procedures can continue. Protection of 
the defect is also ensured by placing subsequent 
weld passes such that the weld bead overlaps the 
defect rather than being placed directly on top out. 

Porosity 
Porosity is one of the most difficult defects to 
control as any attempt to cover the defect can 
result in the porosity being drawn into the covering 
weld bead. To introduce porosity, a cavity of 
similar size and depth to that required for a slag 
inclusion defect is prepared. Methods which can 
then be employed include: 

1 	Using MIG welding with CO2  shielding — 

porosity can be introduced by reducing the shield-
ing gas flow by — 50°,. 
The amount can be controlled to some extent by 
increasing or decreasing the gas flow. An example 
of porosity introduced by this method is shown in 
Fig. 3. 

2 Using SA welding with damp or insufficient 
flux—the amount is determined primarily by the 
dampness. 

3 	MMA welding — among several techniques, 
use of iron powder electrodes on low current will 
give some porosity but not to the extent attained 
by method 1. Use of a low hydrogen electrode with 
an arc slightly too long is another possibility, but 
controlling the amount of porosity is difficult 

4 TIG welding with reduced gas shielding and 
strips of black mild steel as a Her — good control 
can be achieved. 
Once the porous Section has been filled, welding 
is completed as for slag inclusions. 

Incomplete penetration 
Incomplete penetration to the root face in a close 
butt '.eld preparation is a possible defect in sub- 

'2 Slag Sn. defect. 
45mm pate. 

3Coarse porosity n 
,00( area. 39mm plan. 
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4 Incomplete root 
penetration, 40mm 
plate. 

5 Incomplete pene-
trat,on wtF% an5oC,a(ed 
lack of s,dewall Iuaofl 
in tta,nleso steel. 

6 Natural soldifica-
tron crack. t 8mm plate. 

merged arc welding where the root face is likely 
to be 5 to 6mm deep. The defect can be produced 
by using any of the techniques mentioned pre-
viously in a SA joint preparation) with a con-
dition to give a known depth of penetration. 
The weld is built up with MMA welding until 
sufficient weld metal is deposited to hold back the 
penetration of subsequent submerged arc welding 
passes. Approximately 4mm of weld metal would 
be required. An example is shown in Fig. 4. 

For smaller root faces (1.5-2mm), small TIG weld 
runs are deposited prior to the normal root run, 

I 
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to ensure that full penetration does not take place. 
Approximately 2-3mm depth of filler is required 
in this case, and great care must be taken to avoid 
lack of fusion in the root area. 

Lack of fusion 
Preparation for the debct is similar to that 
required for slag inclusions, the size of the prepared 
area being determined by the size of defect 
required. The defect is produced by TIG welding 
using a larger filler wire :approxirnately double 
the size of that used for the bulk of the weld), 
and a continuous feed into the molten pool. It is 
necessary to ensure that there is sufficient heat 
only to melt the filler and not enough to fuse it 
into the prepared surface area. The edges are 
fused properly all around the defect. Incomplete 
penetration with associated lack of sidewall fusion 
is shown in Fig. 3. 

Cracking 
SoIidficatron method 
Solidification cracks will occur naturally when a 
SA weld run with a large depth to width ratio 
is deposited in an appropriate groove (Fig. 6). 

A suitable welding condition is 700A, 25V and 
800 mm/mm. A 6mm deep. 5mm wide groove is 
employed at the desired position in the weld, or, 
in the root of a close butt preparation, a maximum 
included angle of 55' and a root face of approxi-
mately 9mm are required. The latter is necessary to 
avoid burn through at this high current. 

The weld run needs to be 100mm long to ensure a 
50mm long defect, in view of the time taken to 
reach the maximum welding speed. 

1-leat affected zone (HA 	cracking 
Hydrogen induced HAZ cracking can be produced 
by using the opposite of what is normally con-
sidered to be good welding practice. For example, 
cracking can be promoted by welding with damp 
rutile electrodes over an area on the sidewall where 
the crack is required. A hardenable steel (EN8) is 
used normally for that side of the weld with no 
preheat while the defect is being produced. Of all 
defects, the manulcture of hydrogen cracks is 
probably the least reliable and controllable. 

Brittle fracture method 
This method can be used only ir cracks in the rool 
area. The specimen is partially welded where a 
crack is required. This is normally not more than 
50mm long with a weld thickness of 8mm. The 
weld is notched and the whole specimen is cooled 
in dry ice. It is then fractured in three point 
bending. The crack faces are subsequently matched 
and welded in the normal way after TIG runs 
along the edge of the crack to ensure control of 
penetration. A radiograph ola completed specimen 
containing such a defect is shown in Fig. 7. 

Weld metal htdrogen cracking ychevron cracking 
An example of this type ofdefèct is shown in Fig. 8. 
The cracks have a characteristic orientation and 
when they appear in successive we!d beads on a 
longitudinal section the trm a chevron pattern. 

The phenomenon has been studied in detailat  and 
a method has been devised Ir producing this type 
iif defect reliably in the laboratory. 

This involves usi rig sub nrc rged arc welding sv it Ii 
damp flux and a isater quench between runs. 
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7ad,ographoa 
Crack produced by the 

8 Ch.aron cracks. CONCLUDING REMARKS 
Production of defects to order will never be an 
exact science, and some tolerance is inevitably 
necessary. Whilst slag inclusions, incomplete pene-
tration, lack of fusion, and solidification cracks can 
all be produced with reasonable certainty and to a 
close tolerance, porosity and other types of cracks 
are less predictable. 

There is scope for future work in the production 
of HAZ cracks, and it is hoped that future NDT 
projects will encompass this area. 
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1)ocunent C2 

Diffusion bonded test blocks for 
ultrasonic inspection 

by P. M. Brtle, AIM. MWidI 

Diffusion bonding offers the opportunity to produce test blocks with machined 
defects' completely buried within homogeneous material. Such blocks could greatly 
enhance the value of ultrasonic inspection by allowing the ready demonstration and 
close definition of its capability to a degree at present difficult, if not impossible, to 
achieve. Diffusion bonded test blocks would have application in equipment calibra-
tion (defect sizing), operator training, and as structural or component replicas. 

PRODUCTION OF DIFFUSION 
BONDED BLOCKS 

Diffusion bonding is a process' whereby two 
clean, well-machined surfaces are heated while 
held together :under a pressure below the bulk 
yield stress at the bonding temperature) in a 
protective environment so that a bond may form 
across the original interface. Fig. 1. The bond 
forms as a result of rnicrodeformation of surface 
asperities and the solution, by the parent metal, 
of the residual oxide and contaminant layers. In 
many bonds the original interface cannot be 
detected when sections are examined under an 
optical microscope. 

Thus, for test blocks, 'defects' can be machined 
into one or both of the surfaces to be bonded, the 
plane of which can be inclined at any suitable 
angle to the final external surfaces. 'the shape 
and surface finish of the defects can be tailored to 
suit requirements. Diffusion bonding should be 
applicable to most inorganic materials and, 
therefore, the block material should eventually 
be a matter for users' choice. It is envisaged, 
however, that blocks will initially be produced in 
mild steel. 

CALIBRATION (SIZING) BLOCKS 

For equipment calibration purposes simple 
rectangular blocks which contain suitable arras 
of defects could be produced to supplement the 
normal BS 2704: 1966 or 11W specification 
machined calibration blocks. These are basically 
adequate for calibrations relating to defect 
position (including time base calibration), but 
leave a good deal to be desired in respect of 
defect sizing (amplitude calibration). Defects 
could be 'ideally' positioned within blocks so that 
no problems were encountered as a result of back 
or side uall reflections, the detection of more than 
one defect at one time, or near field effects. 

Mr Bartie is a Principal Scientiflc Ocer in the Institute's 
Procs Op:racson and Control Dcpartment. 
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2 Calibration block with 
'defects perpendicular to 
main axis (a) arrangement 
of defects ,. s. 1. u. o. (b) 
basic transmission and 
reflection, single and oared 
probe beam paths (edf, eog, 
hd1. hdk IdI. 1dm mdm( 

3 Calibrarion block for 
single angled probe work: 
(a) arrangement of three 
1mm diameter defects (a1. 
a.. a,) plus three 2mm 
diameterdefects (b. 0.. 
b,). (b) basic beam paths X 
to X. (normal 0 nalues 45. 
55'. and 70( Note 8 in 
(a) is exceptionally shallow 
to show layout of defects 

4 Oscillograon 	traces 
optained during ultrasonic 
examination of diffusion 
bonded tent block (normal 
probe)' (a) beam passing 
through bond clear of defect 
(back wall echo only). (SI 
bear,, partially on defect 
defect and back all 

ectroes 

B 

X. a x 2 I, 

- 	y,,ey 2  

2 

1b1 

0 b- 

/ 	-- 

a) 
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,b) 	 X>X.>X>X3>X>X. 
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Alternatively, defects could be positioned to 
encounter these difficulties so that their effect on 
equipment response could be checked. The blocks 
would be suitable either for calibrating stgnal 
amplitudes in relation to defect area, or for use as 
reference blocks to compare signal amplitudes 
with those from other testpieces which require 
examination. 

For the calibration approach blocks containing 
five defects perpendicular to the main axis are 
visualised, Fig. 2. the defects having diameters 
of 1, 2. 28. 4, and 57mm. A suitably designed 
single block of this type could be used for size 
calibration with normal probe techniques, angled 
probe transmission, and tandem probe work. 
The 1mm diameter defect serves to check size 
resolution, but the other four have area ratios of 
I, 2. 4, and 8 for amplitude calibration. By off-
setting the plane of the defects from the centre 
of a rectangular instead of square cross-section 
block, calibrations for two surface-to-defect 
distances could be produced. Having used the 
above blocks to obtain a basic size calibration, 
blocks for single angle probe work, containing 
defects of two sizes (1 and 2mm diameter), could 
be used for check tests (assuming a repeat full 
calibration proves unnecessary). For single angled 
probe work, both ideally and nonideallv posi-
tioned defects could be included in the same 
block, Fig. 3, but for defects perpendicular to the 
main axis, separate blocks would probably be 
advisable to avoid excessive block sizes. (Blocks 
of the order of 80 < 120mm section < 350mm 
long are currently envisaged.) 

The same blocks could be used for reference 
purposes, or separate reference blocks could be 
produced with defect diameters :as  opposed to 
areas,: in fixed ratios. At present the defects in 
reference blocks are flat-bottomed drilled holes. 
Although such blocks are in essence simple 
drilling narrow, relatively deep, flat-bottomed 
holes is difficult and the blocks are not suitable 
for transmission probe use. 

Normally for calibration purposes defects would 
have flat surfaces to give strong reflections and 
well-defined signals. Fig. 4, but, to establish 
equipment response more fully. defects with 
hemispherical or mottled surfaces could be 
produced. Additionally the production procedure 
allows blocks to be produced with defects either 
close to. or well below, the surface for more 
detailed checking of equipment capabilities. 

TRAINING USES 
These calibration and reference blocks would be 
invaluable for initial operator training. They 
would need to be supplemented with similar 
blocks which contained larger defects and also 
with blocks of perhaps less regular shape with 
defects of size, orientation, and position not 
revealed to the operator until he had completed 
his inspection. For training purposes several forms 
of defect surface should be employed. It is 
expected that blocks with known artificial defects 
would be used in conjunction with testpieces 
containing real defects, e.g. weld defects, but 
where the defect dimensions have been deter-
mined by ultrasonic sizing and radiography 
(where appropriate: rather than premachining. 

MAY 1975 
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It must be remembered that the use of blocks for 
training purposes will prove satisfactory only if 
the,  are employed as part of a well-founded 
course. 

COMPONENT REPLICAS 
When applying ultrasonic inspection in practice 
it is important to know where geometric features 
ola structure or component cause difficulties: for 
example, some parts of some tubular assemblies 
are difficult to inspect. If the validity of ultrasonic 
inspection for suspect joints can be demonstrated, 
both confidence in and usefulness of the technique 
are enhanced. In many situations it would be 
possible to diffusion bond replicas with specific-
sized defects suitably spaced and oriented to 
allow the value of ultrasonic inspection to be 
checked. Such replicas would also be very 
valuable for planning and improving inspection 
procedures. 

SUMMARY 
Diffusion bonding offers a method of producing 
size calibration, reference, training, and replica 
blocks which contain sized defects of specified 
position. orientation, and surface finish. Eventual-
ly these blocks could be produced in the materials 
or material combinations: of the users' choice. 

They would supplement calibration blocks to 
BS 2704:1966 or 11W specifications, and might 
replace current fiat-bottomed hole type reference 
blocks. The value of diffusion bonded blocks is 
currently being investigated and the author would 
welcome Comments or enquiries from Members. 

REFERENCE 
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APPENDIX D 

DETAILS OF ULTRASONIC TEST EQUIPMENT AND PERSONNEL 

EQUIPMENT 

The requirements of the testing program were such that 
equipment did not need to conform to the AWS Dl. I specifi-
cations given in Section 6.15 of the Code, in every test; for 
example, a wide variety of different transducers was used in 
the probe movement tests. However, to maintain a degree of 
consistency throughout the pulse-echo tests, the same ultra-
sonic flaw detector was used. This was a Krautkrämer 
USM2M portable flaw detector which complied with Section 
6.15 of the Code, the performance being checked according 
to Code procedures. This type of unit is widely used as a site 
testing tool. 

Tests conducted in accordance with Dl.! procedures were 
performed using the flaw detector, previously described, in 
conjunction with an Aerotech "gamma" series 2.25-MHz, 
3/4-in. (19-mm) diameter compression wave (00)  transducer 
and three Krautkrämer "WB" series transducers having 
3/4-in. (19 mm) square transducer elements and operating at 
2.25 MHz. The three transducers produced beams of 45, 60, 
and 70°, respectively. These parameters satisfy the require-
ments of Section 6.15. An assessment of performance is 
given in the following. 

The 'WB" transducers were loaned to The Welding Insti-
tute by the American Bridge Division of the US Steel Corpo-
ration for use on this project. They were said to be typical of 
transducers currently employed on bridge structures in the 
United States. 

The effect of using a transducer outside code requirements 
was explored using an Aerotech "gamma" series transducer 
of 2.25 MHz and crystal size 1 in. (25 mm) x 3/4  in. (19 mm) 
(outside specified dimensions) in conjunction with Perspex  

(lucite) wedges to produce 45, 60, and 700  shear wave beams. 
In all other respects this transducer met Code specifications. 

Probe movement tests were conducted using the same flaw 
detector but a variety of minature angle transducers was 
used. These are given in Table D-l. Compression (0°) probes 
were used for preliminary examination of weld and plate for 
inclusions and laminations. 

Equipment for time-of-flight tests is somewhat different 
from that used for pulse-echo testing. The equipment is 
shown in Figure D-l. At present, there is no standard speci-
fication for such equipment. The probes are a pair of Pana-
metrics 0.5 in. (12.5-mm) diameter transducers, operating at 
2.25 MHz, attached to Perspex (lucite) wedges which give 
45° compression waves in steel. These are used because they 
are the fastest travelling bulk wave mode and the received 
signal is the first observed, thereby avoiding confusion with 
other reflections and slower moving mode-converted signals. 
A complete description of the equipment is given in Docu-
ment G I (which is included at the end of Appendix G). 

Reproducibility of testing conditions is extremely difficult 
to achieve when tests are performed manually. To overcome 
this a scanning device was employed for all 'laboratory" 
pulse-echo tests (i.e., those not involving assessment of 
operator variability). This ensured that measurement of 
probe position could be made reliably, thereby reducing the 
possibility of errors, and coupling between the transducers 
and specimen surface could be maintained at a virtually con-
stant level, again reducing signal amplitude variations from 
this source. This device is shown in Figure D-2. 

Light oil couplant was used throughout. 
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TABLE D-1 
ULTRASONIC TRANSDUCERS USED FOR PROBE MOVEMENT TESTS. 

Crystal size 
We (liii g Institute 'l• inn sducer and type Angle 

Nominal 
frequency, 

serial number MlIz Inches (mm) 

T33 Krautkriimer MW1345 450 4 0.3 a 0.4 (8 x 9) 

T34 Kruutkriimer MWII60 301  4 0.3 a 0.4 (8 x 9) 

T20 WetIs-Krautkriimer MAP 45 450 2 0.3 a 0.4 (0 x 9) 

AJ 
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Assessment of Equipment Perlormance 

The performance of the flaw detector used for all pulse-
echo tests was checked in accordance with Section 6.17 of 
the Code, using the procedures presented in Section 6.22. 
Figures D-3 and D-4 show examples of completed forms E9 
and ElO from the Code Appendix E, indicating that the unit 
conforms to Code requirements. 

Transducers that were required to conform to Section 6.15 
of the Code did so. In addition, the three Krautkrämer 

WB" series transducers were subjected to a characteriza-
tion procedure by the NDTA Centre, CEGB, England, and 
results are shown in Figures D-5, D-6 and D-7 for the 45. 60, 
and 70 0  probes, respectively, which also indicate satisfactory 
performance. The Aerotech transducer also met the Code 
requirements except those relating to crystal size. 

Transducers used for probe movement tests were not as-
sessed in terms of the requirements of Section 6.15 of the 
Code, but The Welding Institute's probe characterization 
procedure was followed. This is based on the UK Electricity 
Supply Industry (ESI) Standard 10-92 for assessment of 
miniature angled shear wave probes. 

All angle transducers used were deemed satisfactory by 
this procedure and all were, in addition, subjected to a char-
acterization test by the Harwell NDT Centre as described 
above. These also indicated satisfactory performance. 

At present, there are no similar means of checking per-
formance of the time-of-flight equipment directly, but this 
can be determined by checking the accuracy of measurement 
of a series of known reference defects. Accuracy on a range 
of defects from V8-in. to 1½-in. (4 to 40mm) deep was always 
better than ±0.020 in. (0.5 mm) after calibration. 

Ultrusonic Unit Certificstion 

Ultrasonic unit 	4kAME 	 Date 	20. .t3,.J /q7q 

Model 	 Serial no. .VJ'Tl 
By T. T rocco 

Search unit 

Size_ MPr Type AEgSYE(M 	ASNT Lend  
Frequency, 2.25,.. MHZ 

PERSONNEL 

The relevant qualifications of technicians involved in this 
study are given in Table D-2. It should be noted that there is 
no recognized certification procedure for the time-of-flight 
equipment because it is not a standard test method. 

TABLE D-2 
OPERATOR QUALIFICATIONS. 

Name 	 Employer 
CSWIP qualifics-
lion grade held° 

The Welding 
3. 1 and 3. 2 butt 

R. Gibson 
Institute 

welds in plate 
and pipe 

J.A.E. Dobbs 	
The Welding 3.6, plate, pipe 
Institute and nozzle welds 

The Welding 
3.1 and 3.2 butt 
 

D.H. Darg-ue 
Institute 

welds in plate 
and pipe 

Non-destructive 
ML. Ross 

3.6, plate. pipe 
Testers Ltd and nozzle welds 
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Figure D-5. Transducer characteristics Krautkrämer WB 450,  2.25 MHz. 

I 

0 	 5 70 
Time in microseconds 

IIUI1URSUI iiam iiui uuu 
i1#, 1 1 
III1U IRRaUREI 
01 2 	3 4 5 

Frequency in MHz 

PULSE SHAPE 

Amplitude 
f 

Pulse lengfh= 
B Ups 

FREQUENC)' 
PfJTRIIM 

Amplitude 

Frequency = 

2.1MHz 

Vertical 
plane 

400 

Horizontal 
plane 

Probe: R1076 

Flaw detector: US/P 

Reflector: 50mm radius 

/-RfrUUENL r 
SPECTRUM 

0 _Q 
in water / Probe 	mm 

t (nnf in crn/P) 	 Probe 
(not to 

Horiontal 	 J 	 scale) 

plane is viewed  
from this side 	Reflector, cylindrical rod 

Figure D-6. Transducer characteristics KrautkrQrner WB 600,  2.25 MHz. 

U.. on 
SImm 

Frequency in MHz 

Amplitude f 
Freqiienry= 

2.1MHz 

S 



Vertical 
plane 	

600 

200 

700 

10 	0 	10 

Probe - mm in wafer 	
[t' mat to 

 
sralej 

1-lorizonfal plane 
is viewed from 	Reflector: cylindrical rod 
this side 

47 

Probe: R1075 

horizontal 	 Flow defector. US/P 11 
plane 	 Reflector. 50mm radius 

PULSE SHAPE 

Amplitude 
f 

Pulse length 
= ZOps 

0 	 5 	 10 
Time in microseconds 

,lI 
NEW 

MW 

0 1 	2 	3 	4 
Frequency in MHz 

APPENDIX E 

DETAILS OF EXPERIMENTAL EVALUATION OF AWS D1.1 ULTRASONIC TESTING 
PROCEDURES 
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Amplitude f 
Frequency= 
2.7MHz 

Figure D-7. 'lransthicer cliarac'icrisncs Kruutkrarner WB 700,  2.25 MI-Iz. 

S 

This Appendix is based on the interim report: 'An Experi-
mental Evaluation of the Ultrasonic Testing Requirements of 
the AWS Dl.1-80 Structural Welding Code, as Related to 
Welds in Steel Bridges," submitted to the NCHRP in July 
1980. The report is not reproduced verbatim because addi-
tional information now available on the actual defect sizes 
and types enabled some revisions and additional analysis. 

EXPERIMENTAL PROCEDURE 

All tests were carried out in accordance with the Code. 
The relevant parts of the Code were summarized in a sep-
arate document that was used as a working document by all 
operators for testing. This document was submitted to the 
NCHRP early in the project and is included herein as Docu-
ment El, Procedures for Testing Plates J20 I to J2 13." 

The major factors under study were: 

1. The performance of AWS Dl. I techniques for detection 
and assessment of defects in welds. 

The effect and significance of operator variability on 
results. 

The effect and significance of equipment variability on 
results. 

Item 1, the laboratory tests, were accomplished using 
the scanning frame discussed in Appendix D and shown in 
Figure D-2. This ensured that measurement errors and cou-
pling variability were minimized, thus enabling a thorough 
evaluation of the capabilities of the Code to detect and assess 
weld flaws. All specimens were tested in this way. 

Item 2 was accomplished by subjecting a selection of the 
specimens (see Table E- I) to tests by three different opera-
tors who had no prior knowledge of the defects. These tests 
were performed manually (i.e., the scanning frame was not 
employed), and, thus, the results of such tests should repre-
sent more closely what would be expected from a site test. 

Item 3 was accomplished by subjecting the same selection 
of specimens (see Table E-1) to a repeat laboratory test, 
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TABLE E-1 
TESTS PERFORMED TO AWS Dl.I PROCEDURES 

Tests applied 

Specimen 
number 	 Laboratory tests 

Laboratory tests 	to Dl.l using 	Three 

to AWS Dl. 1 	 borderline 	 manual 

equipment 	 operators 

J201  

J202 I 

J203A  
J203B V 
J204 

.J2OSA VI 

.J2058 VI 
J206  

J2t7 VI 

J208 VI 

.1209A V 
J209B  
J210 VI VI V 

J211  

3212A VI 
J212B VI 
J210 VI VI VI 

J251 I / 
J252 I / 
1253 VI VI 

employing the scanning device, but using ultrasonic trans-
ducers with crystal sizes just outside the Code requirements 
(see Appendix D). This equipment was termed 'borderline" 
equipment. 

Further details of the equipment are given in Appendix D. 

RESULTS 

After destructively testing the specimens to reveal the de-
fects so that their exact size and shape could be established, 
the findings of the ultrasonic tests were assessed quantita-
tively to determine whether the accept/reject criteria given in 
Chapter Two (Figure 3) were indeed met. 

Flaw Detection 

A flaw is required to be detected before any attempt can be 
made to assess its severity. Not only therefore does poor 
detection capability preclude subsequent acceptance or 
rejection of defects according to the Code requirements, 
which are at present arbitrary in terms of fracture mechanics, 
but will allow potentially highly significant flaws to remain 
when the structure enters service with possibly catastrophic 
results. 

Detectability of flaws may be determined with reference to 
Table E-2. This table summarizes the results of all tests on 
the 35 weld defects studied and shows that in only two cases 
were defects undetected out of a total of 91 separate tests, a 
detection rate of over 98 percent. The two cases of nondetec-
tion applied to the same defect (defect 2) which, although it 
has not been destructively tested, is suspected from other 
evidence (both ultrasonic and radiographic) to be very small. 

Some variation of detection capability with testing face has  

been noted. Table E-3 shows that in some instances defects 
were not found from every required scanning direction even 
though they were detected by at least one scan. This dis-
crepancy may be partly explained by the fact that the re-
quirement for a defect to be reported depends on its position 
within the weld thickness. In at least one case, positioning of 
the maximum amplitude response from a flaw lay outside the 
depth zone for that scanning direction, so no result was re-
corded, suggesting that the defect was not, in fact, detected. 
Also, some defects, notably such smooth flaws as lack of 
fusion, exhibit highly directional responses, so some varia-
tion in detectability with testing face would be expected. 

It would seem that overall scanning sensitivity is adequate 
to detect small defects and procedures are sufficient to allow 
the range of defects studied to be evaluated. In fact, the 
scanning sensitivities in all cases were found to be very high, 
and a large number of very small indications were revealed 
on the CRT screen. A considerable amount of time was spent 
on evaluating these very small inclusions, not associated 
with the intended defects under study, all of which were 
found to be acceptable minor flaws (Class D) and are not 
considered here. 

In view of this, it appears unlikely that a potentially sig-
nificant flaw of the type included in this study would remain 
totally undetected even if the transducer is outside speci-
fication, provided that the other procedures are correctly 
applied. 

Diffusion-Bonded Detects 

These defects (which are not included in Tables E-2 and 
E-3) were easily reliably detected in all cases by virtue of the 
strong echoes obtained from the defect extremities. Without 
conducting destructive tests, it can only be assumed that the 
echoes result from strong diffraction effects due to the sharp 
edges. Also in all cases the echo was large enough for the 
defect to be rejected (see Table E-4). Because of this be-
havior, which is not representative of real defects, these 
results were excluded from the analysis described below. 

Acceptance/Rejection (A/R) Levels 

Table E-2 gives the most serious d" rating and AIR deci-
sion obtained from each test on defects 1-35 and gives a 
summary of all tests for each defect. It may be seen that tests 
using equipment within the AWS Dl.l specifications (good 
equipment) reject 31 defects and accept only four. However, 
when tests were repeated using different operators, disagree-
ment on acceptance or rejection occurred in five cases; the 
possible causes are discussed in the following. 

In Table E-2 it is assumed that the AIR decision for each 
test is based on the worst" 'd" rating (i.e., the most severe 
in terms of Table 9.25,3 of the Code). Comparison of these 
A/R decisions with defect through-wall size (projected onto 
the vertical or through-thickness plane) is given in Table E-4 
for all tests. From the table, the likelihood of defects more 
than a few percent wall thickness in size being accepted 
would seem to be small. This is shown more clearly in Figure 
E- 1, which demonstrates a clear trend to accept defects of a 
small percentage of wall thickness in size but to reject larger 
ones. The correlation between the proportion of total deci-
sions to accept or reject defects in terms of their actual size 
is poor (see Figure E-2), and this is expected because AIR 



49 

TABLE E-2 
MOST SERIOUS "D' RATING FOR DEFECTS IN WELDED SPECIMENS. 

Most serious "d" Most serious 	'd" values 
values from three from tests using Summary of all tests 

Defect Specimen 

manual operators scanning frame 

number number "Good' eauipment ,, ,, 	 . ,, Maximum Minimum Good Borderline ,,  ,,  Overall 

1 	2 	3 
equipment equipment rating rting decision 

1 	1 +IR 	+3R 	OR -1R +611 -1 +6 R 
2 J201 ~8A 	~8A 	X +6A X +6 X A 
3 	J +4A 	+4A 	-211 +211 +9A -2 9 A/R 

4 OR 
5 J202 -2R 
6 -2R 

7 J203A +9A 	+511 	-211 +BA +8A -2 +9 A/R 

8 J203B OR 

9 1 J204A 
-SR 

105 -511 

11 J204B -611 

12 J205A +5A 

13 J205B +10A 

14 -3R 	-611 	-6R -311 -411 -6 -3 R 
15 J206 +311 	+511 	OR +211 +211 0 +5 R 
16 +1IA 	-7R 	-811 -211 -211 -8 +11 A/R 

-4R 171 
18 J207 -1OR 
19 OR 

201 -3R 
21J J208 -4R 

22 J209A -7R 

23 J209B OR 	+2R 	OR +211 +4R 0 +4 R 

24 -18R 	-16R 	-14R -12R -711 -18 -7 R 
25 J210 OR 	+311 	OR +GR +311 0 +6 R 
26 -811 	-10R 	-bR -SR -6R -10 -6 R 

27 J211 +811 	+211 	-711 OR -411 -7 +8 R 

281 -2R 
29 J212A -7R 
30J -6R 

31 -8R 
32 J212B -9R 
33 -hR 

341 +2R 	+17A 	-4R OR -2R -4 +17 A/R 
355 J213 +611 	+14A 	+311 OR +311 0 +14 A/R 

A = Acceptable, R = Rejectable by criteria in Table 9.25.3, X 	Not detected. 



TABLE E-3 
THE "D" RATINGS FROM DEFECTS IN WELDED SPECIMENS FROM ALL FOUR TEST FACES (A A-, B*  B-  AS DEFINED IN THE CODE). 

"d" values from different surfaces by three different manual operftlora and scanning frame with "good' and "borderline" equipment 
tIcket 
number 

Specimen 
number i "ccxxi' 2 'iood" a 'Good" frame  "Good" frame "ijorderlinc" 

A. 	A 	B. 	B-  A. A I). B A' A B' 11 A' A It. IF A' A it ,  IF  

1R 	,2A 	- 	- ,7A ,R - 1,19A1 .211 .t' (.411) 1011 ) ,6A R (.611) ,6fl 6 - 
2 2201 ,8A 	,12A 	- 	- x -x - (,8A) - ,0A .11A 1,8A1 - - 
3 4A 	,19A 	- 	- ,10A x - (,)A) X (.211 ) ( .A) ,2A ,6A - - x AA1 ( •,jA> 

4 ,6A 01t - (,14A) 
5 2202 ,A -2 - - 
6 ,7A -2 - 

7 J203A ,14A 	,9A 	- 	- ,5A .6.1 (,)8A) ,9A1 .211  X - 8A1 ,6A ,1oA - 1,8A> ,8A .16A - ,10A 

8 220311 X OR (.311) 1.10A) 

9) 
3204A 6 _ 9 R - - 

10 .lt 0A - 

II 220411 - - .411 _611 -- 

12 2205A - ,7A .5A (,IOA)(.8A) - 

13 220511 ,13A _ 10A - 

14 X 	311 	- 	- _6R ,R - - -611 -6 - - 3R 311 - (2) -2 .411 - - 
IS 2206 ,11A 	,3R 	- 	(,11A) ,13A ,R (.611) (,8A) 4 511 011 (,611) (,9A) (.211 ) (,9A) ,10A .21) ( ,2) 1,11A1 
16 x 	,11A 	(.14A) 	- x 17A (.511) (_711) If X (-311) (.911) X )( (-la) (-2k) ,14A .16.1 (011) (_211) 

11 - ( .311 )  - - 411 .711 
18 2207 -t9 -6 (0k) (.611) 
)9J .311 011 - - 

201. 
2208 .111  _311 (.511) (.511) 

21J _4R _)i( (_31l) (.i) 

22 2209.1 _211 _R (.211) (-31)) 

23 J209B OR 	A 	(.211) 	(.311) .211 .R (,411) (.411) 011 .211  (.611) 04R) 6 ,6 (.511) 0211 ) .611 ,9A (*811) (.411) 

24 - 	- 	X 	- I8 _811 16R 14H ioR i - -12k 1011 -2K ,11A _7R .611  
25 2210 011 	,14A 	- 	- .311 ,R - - R x - - 6 .716 - - *611 X ,19A .31) 
26 _9R 	-6 	- 	- R 1I1 - - -911 _lOIl - - -2 .811 - - ,1t 611  .211 -  

27 2211 ,8R 	.811 	- 	- 711 ,R - - ..R R - OR .111  - - ..411_ )1l - 

28) - -2 x - - 
29 J212A -711 _7R - - 
30J -611 X - - 

31 
.411 _gI( - 

32 J212B .41) 911 - - 
33 -14 _911 - - 

341 2213 ,2 	X 	- 	- ,17A 74A - - 411 X - - lt - - -2fl ,)()R - - 
35J X 	.6 	- 	- *14A X - - .311  X - - R ,11 - - 3 '6 It -  - 

NOTE. vsluea In bracketa were not required to be recorded by the Code. 

AAcceptabIe, H z Rejectable by criterIa In'I'at,Iu 8.25.3. - 	not requIred 10 be recorded, X not detected. 
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TABLE E-4 
COMPARISON OF ACTUAL DEFECT SIZE AND ACCEPT/REJECT DECISION. 

Defect 
number 

Type 
Approximate size 

Inches (mm) 

Acceptable or rejectable (worst "d' rating) 

Operator 	Scanning frame 	Scanning frame 

1 	2 	3 	
good equipment 	borderline equipment 

I Solidification crack 2.2 x 0.75 (55 x 19) R R Ft Ft Ft 

2 Solidification crack Not sectioned A A X A X 

3 Solidification crack Not sectioned A A Ft R A 

4 Slag line 2.0 x 0.1 (51 x 3) Ft 

5 Slag line 2.0 x 0.1 (Six 3) 5 

6 Slag line 2.2 x 0.2 (55 x 5) 5 

7 Crack 1.8 x 0.2 (46 x 5) A A R A A 

1) Crack 2.1 x 0.3 (53 x 8) 5 

9 Lack of fusion Not sectioned Ft 

10 Lack of fusion Not sectioned R 

11 Lack of fusion Not sectioned Ft 

12 Freeze-break crack 2.2 x 0.4 (55 x 9) A 

13 Solidification crack 1.8 x 0.2 (45 x 4) A 

14 Solidification crack 2.0 x 0.1 (52 x 3) R R R Ft R 

15 Solidification crack 1.9 x 0.1 (47 x 3) Ft Ft Ft Ft Ft 

16 Solidification crack Not sectioned A B Ft Ft Ft 

17 Slag lIne 2.0 x 0.2 (52 x 4) R 

18 Slag Line 2.0 x 0.2 (52 x 4) Ft 

19 Slag Line 2.3 x 0.2 (58 x 4) 5 

20 Freeze-break crack 1.9 x 0.2 (49 x 4) 5 

21 Freeze-break crack 2.0 x 0.3 (50 x 7) Ft 

22 Freeze-break crack 2.0 x 0.3 (50 x 7) 5 

23 Freeze-break crack 1.9 x 0.4 (49 x 9) R Ft Ft Ft Ft 

24 Lack of fusion 2.1 x 0.3 (54 x 9) B Ft R Ft A 

25 Lack of fusion 2.0 x 0.1 (52 x 3) Ft Ft R Ft R 

26 Lack of fusion 2.2 x 0.2 (56 x 8) Ft R Ft Ft Ft 

27 Freeze-break crack 2.1 x 0.2 (54 x 4) R R R R Ft 

28 Lack of fusion Not sectioned Ft 

29 Lack of fusion Not sectioned Ft 

30 Lack of fusion Not sectioned Ft 

31 Lack of fusion Not sectioned Ft 

32 Lack of fusion Not sectioned Ft 

33 Lack of fusion Not sectioned It 

34 Slag 1.9 x 0.1 (48 x 3) 5 A R 5 5 

35 Lack of fusion 2.0 x 0.1 (50 x 2) Ft A Ft 5 Ft 

Diffusion bonded specimens 

36 Square slot 1.2 x 	/a  x 0.005 (30 x 3 x 0.13) R Ft 

37 Square slot 1.2 x V. x 0.005 (30 x 6 x 0.13) 5 R 

38 Square slot 1.2 x V. x 0.005 (30 x 3 x 0.13) K Ft 

39 Square slot 1.2 x 	x 0.005 (30 x 6 x 0.13) 5 5 

40 Square slot 1.2 x I x 0.005 (30 x 12 x 0.13) II. Ft 

41 Square slot As for 38 5 Ft 

42 Square slot As for 39 R It 

43 Square slot As for 40 Ft R 

decisions based on Table 9.25.3 of the Code are weighted for 
different wall thicknesses and do not consider absolute flaw 
depth in inches (mm). 

An important point to note is that histograms which show 
the tendency to accept or reject can be distorted when a small 
sample of readings is presented; that is, one reject decision 
from a sample of one gives 100 percent likelihood of rejection 
according to the scales in Figure E- 1 and Figure E-2, which  

may not be the case if a larger number of readings were 
considered. 

For this reason it was decided to consider all AIR decisions 
taken from every testing angle applied to each of the defects 
to study trends of acceptance or rejection. These are given in 
Table E-3. At first sight this would appear not to represent 
the practical application of the 131.1 Code procedure, be-
cause the most severe d" rating only is used for the A/R 
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decision. However, when the problems of obtaining reliable 
amplitude information from defects (as outlined in Chapter 
Two) are considered, all 'd" ratings and the consequent A/R 
decisions are of importance because it is conceivable that, in 
general, a given flaw might only be detected from one angle 
of attack from one testing surface. 

The results of this approach are shown in Figures E-3 to 
E-7. Figures E-6 and E-7 show the overall trend of likelihood 
of acceptance or rejection with defect size expressed as a 
percentage of wall thickness and in absolute units (inches and 
mm), respectively. Once again there is no observable trend 
for acceptance or rejection with absolute size, but in terms of 
percentage wall thickness, flaws up to around 7.5 percent of 
the wall have a good chance (around 70 percent or better) of 
being accepted, while larger flaws have a good chance (again, 
around 70 percent or better) of being rejected. 

It would appear that the effective accept/reject threshold 
for flaws, in terms of percent wall thickness, is therefore 
—7.5 percent as opposed to the 2-4 percent suggested in 
Figure 3 (see Chapter Two). 

Defect shape, and therefore type, has a profound effect on 
ultrasonic response amplitude and thus on acceptance or 
rejection by AWS DLI procedures. Figures E-3, E-4, and 
E-5 show the likelihood of acceptance and rejection of 
cracks, slag inclusions, and lack of fusion defects, respec-
tively, again all expressed as a percentage of wall thickness. 
From Figure E-3 it can be seen that the relatively low ampli-
tude of response from cracks allows sizes up to 7.5 percent 
of wall thickness to be accepted by every test, and the chance 
of larger cracks (up to 40 percent wall thickness) being re-
jected may be only around 70 percent (i.e., in 30 percent of 
cases these defects would be accepted). 

The response from slag inclusions, which tend to have an 
approximately circular cross-section, is more indicative of 
their size. The stronger overall level of signal received from 
these defects permits a likelihood of rejection of defects 10 
percent of the wall in size of around 90 percent (Figure E-4), 
but smaller inclusions, only 3 percent of the wall in size, still 
stand a I in 3 chance of rejection. 

The strong signals from lack of fusion defects gave rise to 
a good chance of rejection (Figure E-5), with a defect 8 
percent of the wall being rejected in 80 percent of cases and 
larger defects being rejected in over 90 percent of tests. It 
should be noted, however, that most of the lack of fusion 
defects were inclined at some angle to the through-thickness 
direction of the weld and their face length was therefore 
larger than the projected dimension on to the through-
thickness plane, which is used here. This may have con-
tributed to the larger overall chance of rejection of these 
defects. 

The tendency to reject slag and lack of fusion reliably, and 
to reject vertical cracks with a far lower degree of confi-
dence, is in direct contradiction to one of the main require-
ments of the AWS Dl.l Code (i.e. to ensure the integrity of 
welds in steel bridge structures), as the most serious form of 
flaw, the crack oriented at right angles to the plate surface, 
stands the best chance of escaping rejection, even when 
large. 

Operator Variability 

Fourteen defects were examined by all three manual oper-
ators. Eight defects, 58 percent of the total, were unani- 

mously rejected according to the Code and one, 7 percent, 
unanimously accepted. In five cases, 35 percent of the total, 
one operator disagreed with the accept/reject decision. The 
variation in "d" rating from the three operators for the four 
testing surfaces can be seen from Table E-3 (figures in brack-
ets refer to information recorded which was not actually 
required by the Code). From the table, the average variation 
in "d" rating from the same testing face is 8.1 dB for the A+ 
which showed the greatest scatter. The variation in 
rating considering all testing faces is 6.5 dB. From Table 
9.25.3 of the Code, a range of 4 dB represents the difference 
between class A and D defects, automatically rejectable and 
acceptable respectively, and therefore the operator varia-
bility measured would have a significant impact on the 
accept/reject decision. 

Considering that one of the aims of the Code is to provide 
a uniform inspection level from site to site or between suc-
cessive examinations of the same structure, the disagree-
ment on defect acceptance between operators in 35 percent 
of cases would appear to be unacceptably high. 

Two major comments were made by the operators, none of 
whom regularly works to AWS Dl. 1-80. One comment con-
cerned the fact that the high testing sensitivity produced 
many indications denoting totally insignificant reflectors, 
which merely served to make the display more confusing. In 
another comment, one operator expressed considerable sur-
prise that no means of establishing coupling or transfer losses 
was employed prior to testing, considering that the technique 
is entirely dependent on amplitude. 

Such comments are further indications that the test proce-
dure is not conducive to establishing 100 percent reproduci-
ble test conditions, thereby removing one of the reasons for 
which it is advocated. 

Equipment Variability (Tables E-2 and E-4) 

In general the effect of using a transducer of a size beyond 
limits set in the Code ("borderline" equipment) was small. 
There was little discrepancy in acceptance or rejection from 
the same scanning surfaces, the variation in "d" rating being 
less than for different operators (see Table E-3). The use of 
a transducer in all respects similar to those within Code 
specification, apart from a small size difference, probably did 
not alter testing conditions sufficiently to invalidate assump-
tions and considerations used in the derivation of procedures 
and acceptance levels. However, the effect which transducer 
size may have on response amplitudes, especially where 
amplitude variation with beam path is considered, may be 
considerable, even for the range of sizes permitted by the 
Code (/5). 

Other Factors Influencing Test Variability 

In addition to those previously outlined, it is quite prob-
able that minor variations in operator technique, transducer 
characteristics, coupling efficiency, and exact points on 
flaws where "d" ratings are determined will influence the 
overall "d" rating from a test and may change the subse-
quent accept or reject decision. It is worth noting that an 
error in positioning a defect could change the AIR decision if 
classified B or C and, whether or not the 4-dB root defect 
correction is applied (obviously dependent on defect posi-
tion), could also affect whether the flaw is acceptable or 
rejectable. 
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to AWS Code with percent wall thickness (all test directions). (Numbers above 
boxes show sample size.) 
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Project 3625 

Specimens and equipment 

The specimens are plain butt welds in 10, 40 and 95mm (t/,  11, 

311in.) thick mild steel plate. Information on weld preparation and 

process will be provided. Specimen markings are shown in Fig. 1. 

Use only the probes and flaw detector provided for this project. 

The angle probes are KrautkrSrner WB series (old type) with nominal 

angles of 45, 60 and 701  and a nominal frequency of 2.25MHz. The 

compression wave probe is a 20mm ( 3lin.) diameter Aerotoch also 

with a nominal frequency of 2.2551Hz. Actual angles and index points 

are marked on the probes. The flaw detector is a Nrautkrdmer 

USM2M. No equipment checking or characterisation is necessary as 

this has already been done. Beam spreads are not required. 

Vi and V2 calibration blocks will be provided. The operator 

should use his own flaw location sLide or whatever technique he 

prefers. 

Use only the calibrated (dE) gain control on the flaw detector 

Report forms, see Appendix I . wiD be provided. 

Testing of parent plate (compressbn wave probe) 

(i) Calibrate the screen such that two back wall echoes are visible 

and set the second back wall echo to between 50 and 75% full 

screen heighl - 
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(ii) Scan the parent plate on either side of the weld such that areas 

to be subsequently used in angle beam testing are covered. 

(iii) Record a defect only if EITHER (a) there is a complete loss of 

the first back wall echo, OR (b) an indication equal to or greater 

in amplitude than the original first back wall echo appears. 

(iv) Record areas of weld which cannot be tested as a result of 

indications in (iii) and do not cover them in the angle beam 

scans. 

3. Weld testing (angle probes only) 

Calibration for range (sound path) 

Calibrate full screen width to 200mm (8in.) using Vi block. 

Sensitivity setting 

Place the probe on the edge of the Vi block marked with 40 to 

600  graduations and point the beam at the 1.5mm hole. Ilaximise 

the echo and set it to three screen graticules in amplitude (using 

calibrated gain control). This is the 'reference sensitivity". The 

dB setting on the flaw detector is the "reference level' and given 

Symbol b. 

For scanning, add dbs according to range (sound path) as 

follows 

Up to 63.5mm (21in.) add 20dB 

03.500 127mm (21 to Sin.) add 25dB 

127 to 254mm (5 to 10in. ) add 35dB 

(iii)Scanning procedure (refer to Fig.2) 

10mm plate - 700  probe scanned on faces at A and A- to 

cover whole of weld. Upper quarter to be 

covered on leg II, 

40mm plate - 700  probe scanned on faces A° and A- to cover 

middle half and lower quarter. 700  probe on 

faces Be and B- to cover upper quarter. 

95mm plate - 700  probe scanned on faces A° and A- to cover 

middle half. 

600  probe scanned on faces Ac and A- to cover 

lower quarter. 

600  probe scanned on faces B. and B- to cover 

upper quarter. 

When testing 40 and 95mm plate, any indications from the 

fusion boundary area which reach three screen graticules in 

amplitude at the SCANNING sensitivity (see 3(iii)) must be 

evaluated further using a beam angle closest to perpendicular to 

the suspected fusion face. 

Scan patterns are shown in Fig. 3. 

(iv) Flaw classification 

On finding a flaw at the scanning sensitivity, turn back to the 

reference sensitivity (i.e. subtract whatever was added for 

scanning) then add dBs untit the flaw indication reaches three 

screen graticules. Note the dB setting (a). Note the range 

(sound path) in INCHES, subtract 1, multiply by two, and round 

to the nearest whole number (c). Then: 

Indication rating, d = a - b -c.  

The flaw can then be classified (A, B, C, and D) from Table 1. 

(v) Length measurement (angle probes) 

If a relatively conatsot sound amplitude is maintained along 

the length of the defect, and if the flaw is longer than the probe 

crystal width, and also if flaws are separated by more than the 

width of the probe crystal, the 6dB drop technique shall be used. 

If a flaw has variable dB ratings more serious than class 13 

level, and separations less than the search unit width, the length 

should be measured as described in Appendix II. 

Recording and reporting 

Using the information gained in items 3(iv) and 3(v) above, the 

decision can be made whether the flaw is acceptable or not from the 

following: 

Class A (Large flaws) - Any indication in this category shall be 

rejected. (Regardless of length). 

Class B (lledium flaws) - Any indication in this category havLng a 

length greater than 3/.in. shall be rejected. 

Class C (Small flaws) - Any indication in this category having a 

length greater than 2in. in the middle half or ticin. length 

in the top or bottom quarter of weld thickness shall be 

rejected. 

Class 13 (Ilinor flaws) - Any indication in this category shall be 

accepted regardless of length or location in the weld. 

Notes 

Class B and C flaws shall be separated by at least 2L, L being 

the length of the longer flaw, except that when two or more 

such flaws are not separated by at least 2L, but the combined 

length of flaws and their separation distance is equal to or less 

than the maximum allowable length under the provisions of 

Class B or C, the flaw shall be considered a single acceptable 

flaw. 

Class B and C flaws shall not begin at a distance less than 2L 

from the end of the weld. L being the flaw length. 

Flaws detected at "scanning level" in the root face area of com-

plete penetration double groove weld joints shall be evaluated 

using an indication rating 4dB more sensitive. 

(i.e. Subtract 4dB from indication rating "d") 

The results of all rejectable flaws and those up to 6dB lower 

than the rejectable level should be entered on the report form 

(Appendix I). 
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Document El. Table 1 Derivation of flaw severity class from indication 
rating d. 

\Weld thickness 
and search 

Flaw 	nit angle 

severitclass  

Class A 

-in.) 	
40mm(1in.) 	 95mm (33 /hin.) 

700 	 700 	600 	450 	700 	600 	450  

+4 & 	+7 & 	+9 & 	+1& 	+4& 	+6& 
lower 	lower lower lower lower lower lowe] 

Class B 	 +11 +5 
+6 

+ 

+9 
+] 
+11 

+ 

+3 
+5 
+6 

+7 
8 d 

values 
Class C 	 +12 +7 +10 +12 +4 +7 + 9 

+11 +13 +5 8 +10 

Class D 	 +13 9 +12 +14 +6 +9 +11 
&up & up & up & up & up & up & up 

Focg 

Document El 
Pig. I. Specimen nirbxtg 

Upr quarter 
 

Of 

Middle half 

Lower qourter 

(a) 

Document El 
Fig.2. Terminology; 

a/thickness regions 6/skip designations.  

Weld 

Ants 

Mgeernen/ A  

Mesement C 

Movement S 

Notes; 

Testing patterns are all symmetrical around the weld axis. 
Testing from boll, sides of the siefdjxis is to be modO suIt erecer mechanically possible, 

Scanning movement A. 	 Scanning movement C. 
Rotation angle a - 70 degrees 	 Progression distance c shall be 

Scanning mova,nent B. 	 approximately one-half the 

Scanning distance call be Such 	 transducer width. 

that the section of weld being 	 Note; Movements A. 8. and Care 
tented is covered, 	 combined ,nto one scanning patt em. 

Document El 
FigS. Scanning patterns. 
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REPORT OF ULTRASONIC TESTING OF WELDS 

Project Report no. 

59 

_________ 	 Weld id,ntiflcatiorr 

E 	

Matanal thicknem 

x: 	
x  

Welding procan 

Remarks 

Line 
number 

Indication 
number 

Transducer 
angle 

From 
f..c. 

• 
9 

D.ctbels Discaminuity,  

Discontinuity 
enaluition 

R 	It Indication 
10"] 

Reference 
ansi 

Attenuation 
facto, 

Indication 
rating L 

Angular 
distance 
sound 

pith) 

Depth 
from 
A 

surface 

Distance - 
Front 
X 

- 
Prom 
V 

a b c d 

4 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18  

19 

20 

21 

22 

23 

24 

25  

26  

See Fg.2 	 to benning of hint 

Inspected by 

Not. This forms aptdicabt, to Sect,on BandS 
(Buildings and Bridget). Do NOT use this form for 	 Authorized by 
Tubular structures Section 10). 

Date 
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LENGTH MEASUREMENT OF VARIABLE RESPONSE FLAWS 

(See Section 3(v)(b)) 

Find the location where the most serious indication occurs and note 

the indication level. 

Classify this level as being a Class A B. C. or D flaw. 

Adjust the calibrated gain control or attenuator to the most serious 

Class D level. 

Move the search unit from the point of most serious indication level 

(both directions) until the indication decays to a reference level 

trace deflection height. 

Mark the trailing edge locations of the search unit on the test 

material. 

The distance between these marks is the indication length at Class 

C. B or A amplitude level(s). 

If this distance exceeds the allowable length of Class C flaw, the 

indication is rejectable at this length. 

If this length is equal to or less than the allowable Class C flaw 

length, further evaluation is necessary as follows 

Adjust the calibrated gain control or attenuator to the most 

serious Class C level. 

Move the search unit toward the point of most serious indication 

level (Step 3) until the indication height reaches reference level 

trace deflection height. 

Mark the locations of the leading edge of the search unit on the 

testpiece. 

The distance between these marks is the indication length at 

Class B or A amplitude level(s). 

If this length exceeds the allowable length of a Class B flaw the 

indication is rejectable at this length. 

If this length is equal to or less than the allowable Class B flaw 

length, further evaluation is necessary. 

If the flaw classification from Step 2 is Class B. C, or D, the 

indication is acceptable. 

If the flaw classification from Step 2 is Class A, further evalua-

tion is necessary as follows to determine the rejectable length: 

Adjust the calibrated gain control or attenuator to the most 

serious Class B level. 

Move the search unit further toward the most serious indica-

tion found in Step t until the indication height reaches a 

reference level trace deflection height. 

Mark the locations of the leading edge of the search unit. 

The distance between these points is the rejectable length of 

indication as a Class A flaw. 

Examples are shown on the following two pages. 

APPENDIX II contd. 

Examples of length evaluation of variable amplitude discontinuities 

Three 2in. thick sections of weld are being tested to the Building 

Code and having discontinuity content as listed in the Example charts. 

The following data is constant: 

I. 	Search unit = 750, 2.25MHz, 5/sin . H x 3 /.in .W. 

Reference level = 24dB (gain). 

5in. Sound path (8dB attenuation factor) 

Scanning level = 24 * 19 0  43dB. 

Example 2 

Actual Area 
dB  

Class 
length rating 

I 	2in. 5 D 

2 	(in. *4 D 

3 	(in. .3 D 

4 	'fin, -1 B 

S 	u/kin. 0 B 

6 	li,in. +4 D 

tin, .5 D 

8 	2in. +6 D 

Example 3 

Actual 
Area 

dB 
Class 

length rating 

1 	(in. +3 D 

2 	iin, -2 A 

3 	'/.hi.  -3 A 

4 	i/in .3 D 

(in. 4 D 

6 	un. +5 D 

7 	(in. .5 D 

8 	(in. .4 D 

The following data is variable in accordance with 6.19.5.7 and the 

Example Charts: 

Step(s) Example 1 Example 2 Example 3 

Area 4 (0dB) Area 4 (-1dB) Area 3 (-3dB) 

2 B B A 

3 o3 .3dB 3dB 

4-6 24in. tin. li/sin. 

7 Reject 

8 
- Further Further 

evaluation evaluation 

8a - 1 1 

8d - un. li/sin. 

Be - Reject 

8f - - Further 
evaluation 

8 g 
Not 
scceptsble 

8h1 - - -1 

8114 - - 

Example 1 

Actual 
Area 

dB 
Class 

length rating 

1 	2in. 06 D 

2 	tin. +4 D 

3 	(in. +2 C 

4 	'/,in. 0 B 

5 	(in. *1 C 

6 	1/in o2 C 

7 	tin. -3 D 

tin. -4 D 
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The aim of these tests was to establish the degree of accu-
racy with which the probe movement technique can measure 
weld defects. 

EXPERIMENTAL PROCEDURE 

The procedure employed is described in Document Fl, 
"Ultrasonic Test Procedure, Decibel Drop Methods." This 
is based on current UK practice (9, 10, 11) and on experience 
gained by The Welding Institute on laboratory investigations 
of ultrasonic testing performance (5). Although measure-
ments of defect position, length, and through-thickness size 
were made, only the through-thickness measurements were 
subjected to detailed analysis. 

In this study, two factors were investigated: 

Determination of the accuracy of the technique for de-
fect measurement using controlled equipment. 

Determination of the variation in defect measurements 
likely to be encountered from the use of different manual 
operators. 

Item 1, the laboratory tests, were accomplished using 
the scanning frame discussed in Appendix D and shown in 
Figure D-2. Forty-five and 60°, 4-MHz transducers were 
used for the 20-dB drop tests, and 45°, 2-MHz transducers 
were used for the maximum amplitude (max. amp.) tests. All 
specimens were subjected to the laboratory tests. 

Item 2 was accomplished by subjecting a selection of the 
specimens (see Table F-i) to tests by two different operators 
who had no prior knowledge of the defects. These tests were 
performed manually (i.e., the scanning frame was not used). 
The 20-dB drop technique was employed using 45 and 60°, 
4-MHz transducers. 

Further details on equipment can be found in Appendix D. 

RESULTS 

Laboratory Tests 

Although positional and length information has not been 
analyzed, a qualitative assessment revealed that they were 
generally of adequate accuracy considering that they are of 
secondary importance as far as fracture mechanics is con-
cerned. In general, positioning was within 0.10 in. (2.5 mm), 
and length measurements were accurate to within ±10 per-
cent. This is in agreement with other work (5). 

In analyzing the through-thickness measurements, some 
account has been taken of the fact that when an operator 
makes a series of measurements on a single defect, the maxi-
mum value he obtains would normally be reported. This has 
been done by including in the analysis only the two highest 
values of defect size measured (where there are more than 
two) and comparing the measured value with the actual de- 

TABLE F-I 
PROBE MOVEMENT TESTS PERFORMED. 

Tests applied 
Specimen 
nunber 

Laboratory 	 Operator 1 	 Operator 2 

J201 Vt I 	 Vt 
J202 I.  

J203A / Vt 
J203B Vt 
J204 Vt 
.J205A Vt 
J205B Vt 
J206 / 1 	 / 

J20? Vt 
J208 / 

,J209A Vt 
J2098 / 	 Vt 
J210 Vt 	 Vt 
J211 Vt 	 Vt 
J212A Vt 
J2128 V' 

J213 Vt 	 Vt 
J251 Vt 
J252 Vt 
J253 Vt 

fect size in the position at which the measurement was taken. 
This gives a series of error values (i.e., ultrasonic measured 
size v. true size) for each test. Zero values (which can be 
obtained with both 20-dB drop and max. amp.) and negative 
values (which can be obtained with 20-dB drop) have also 
been ignored. The complete results for all defects are given 
in Table F-2. 

For a general picture of the sizing accuracy attainable by 
probe movement techniques, it is necessary to average out 
the individual errors so that the performance of the technique 
can be predicted when examining an unknown flaw. To this 
end, the errors between actual and measured flaw size have 
been analyzed statistically to gain a measure of their spread. 
The normal or Gaussian distribution has been used through-
out because this can give a readily assimilated picture of 
average error and degree of scatter by the mean and standard 
deviation, respectively. This was not always found to be a 
perfect fit with the data sample obtained, but nevertheless it 
remains a valid way of presenting the spread of data in an 
easily understood format. 

Figures F-i and F-2 show the spread of results for the 
20-dB drop and max. amp. techniques, respectively. The 
diffusion-bonded defects are excluded because these are 
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TABLEF-2 
DETAILS OF RESULTS FROM PROBE MOVEMENT LABORATORY TESTS FOR ALL DEFECTS. 

Specimen 
number 

Defect 
number Defect tYPe 

Actual through-
thickness size 

Inches 	(mm) 

Measured size 

450 
20dB drop 

Inches 	(mm) 

60° 
2048 drop 

Inches 	(mm) 

Ma,dmum 
amplitude 

Inches (mm) 

.0201 1 SolidIfication crack 0.413 (10.5) 0.098 (2.5) 
0.433 (11.0) 9.059 (1.5) 

0.059 (1.5) 0.059 (1.5) 
.0202 4 Slag line 0.079 (2.0) 0.079 (2.0) 0.118 (3.0) 

0.117 (3.0) 0.118 (3.0) 

.0202 5 Slag Une 0.059 (1.5) 0.236 (6.0) 

2202 6 Slag line 0.117 (4.5) 0.020 (0.5) 0.394 (10.0) 
0.197 (5.0) 0.197 (5.0) 

J203A 7 Freeze-break crack 0.17
0.098

7 
(2
(4.5)

5)  .6 0.27
0.118 

(7.0) 
. (3.0) 

J203B 8 Freeze-break crack 0.095 (7.5) 0.039 (1.0) 0.433 (11.0) 
0.276 (7.0) 

0.236 (6.0) 0.059 (1.5) 

J205A 12 Freeze-break crack 0.295 (7.5) 0.039 (1.0) 0.335 (8.5) 
0.252 (6.5) 1.157 (4.0) 

J205B 13 Freeze-break crack 0.118 (3.0) 0.157 (4.0) 

0.098 (2.5) 0.059 (1.5) 
.0206 14 SolidIfication crack 0.118 (3.0) 0.098 (2.5) 

0.138 (3.5) 0.236 (6.0) 0.118 (3.0) 

.0206 15 SoUdificatlon crack 0.118 (3.0) 0.118 (3.0) 0.079 (2.0) 

.0207 17 Slag line 0.098 (2.5) 0.079 (2.0) 
0.059 (1.5) 0.138 (3.5) 

0.138 (3.5) 0.039 (1.0) 0.118 (3.0) 
.0207 18 Slag line 0.079 (2.0) 

0.157 (4.0) 0.138 (3.5) 

0.079 (2.0) 0.098 (2.5) 
.0207 19 Slag line 0.079 (2.0) 0.252 (6.5) 0.098 (2.5) 0.118 (3.0) 

0.098 (2.5) 0.079 (2.0) 0.039 (2.0) .0208 20 Freeze-break crack 0.118 (3.0) 0.079 (2.0) 0.138 (3.5) 
0.138 (3.5) 0.118 (3.0) 

.0208 21 Freeze-break crack 0.236 (6.0) 0.118 (3.0) 0.217 (5.5) 
0.252 (8.5) 0.039 (1.0) 0.138 (3.5) 0.157 (4.0) 

2209A 22 Freeze-break crack 0.217 (5.5) 0.079 (2.0) 
0.197 
0.138 

(5.0) 
(3.5) 0.118 (3.0 

0.236 (6.0) 0.118 (3.0) 0.118 (3.0) 

J209B 23 Freeze-break crack 0.315 (8.0) 0.039 (1.0) 0.252 (6.5) 
0.335 (8.5) 0.236 (6.0) 

0.236 (6.0) 0.059 (1.3) 

.0210 24 Lack of fusion 0.276 (7.0) 0.039 (1.0) 
0.295 (7.5) 0.098 (2.5) 
0.315 (8.0) 0.138 (3.5) 0.335 (8.5) 0.138 (3.5) 

J210 25 Lack o fusion 0.079 (2.0). 0.079 (2.0) 0.098 (2.5) 0.177 (4.5) 0.098 (2.5) 0.118 (3.0) 0.177 (4.5) 0.335 (8.5) 

0.197 (5.0) 0.079 (2.0) 
.0210 26 Lack of fusion .0.217 (5.5) 0.020 (0.5) 0.138 (3.5) 

0.236 (6.0) 0.059 (1.5) 

.0211 27 Freeze-break crack 0.138 (3.5) 0.236 (6.0) 
0.157 (4.0) 0.157 (4.0) 

2213 34 Slag line 0.059 (1.5) 0.079 (2.0) 0.059 (1.5) 
0.039 (1.0) 0.098 (2.5) 

.0213 35 Slag lIne 0.059 (1.5) 0.039 (1.0) 0.098 (2.5) 
0.079 (2.0) 0.079 (2.0) 0.098 (2.5) 

.0251 36 Diffusion bonded 
0.188 (3.0) Results Influenced by echoes from plate 

defect surface 

.0251 37 Diffusion bonded 0.236 (6.0) 
Results Influenced by echoes from plate 

defect surface 

2252 38 Angled diffusion 
0.118 (3.0) 

0.197 (5.0) 0.157 (4.0) 0.236 (6.0) 
bonded defect 0.118 (3.0) 0.118 (3.0) 0.315 (8.0) 

.0252 39 Angled diffusion 0 .236 (6.0) 0.197 (5.0) 0.157 (4.0) 0.236 (6.0) 
bonded defect 0.315 (8.0) 0.157 (4.0) 0.394 (10.0) 

.0252 40 Angled diffusion 0.472 (12.0) 0.433 (11.0) 0.315 (8.0) 0.472 (12.0) 
bonded defect 0.551 (14.0) 0.315 (8.0) 0.472 (12.0) 

:253 41 Diffusion bonded 0.118 (3.0) 0197 . 0 (6.) 
0.179 (5.0) 0.197 (5.0) 

defect 0.079 (2.0) 0.197 S. 

2253. 42 Diffusion bonded 
0236 . (6.0) 0.394 (10.0) 0276 . (70) . 0.354 (9.0) 

defect 0.354 (9.0) 0.197 (5.0) 

2253 43 Diffusion bonded 0.472 (12.0) 0.472 (12.0) 0.394 (10.0) 0.472 (12.0) 
defect 	. 0.512 (13.0) 0.512 (13.0) 
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a 
0.2 

1 

0.1 

Standard 	 95% probability 
deviation (a) 	band Sc ± 2a 

(mm) 	Inches 	(mm) 
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Adual size 

Figure F-I. Measured versus actual flaw sizes for 20-dB 
drop tests. 

dealt with separately below. In both graphs, the 450  line 
represents zero error. It may be seen that there is a strong 
tendency for the 20-dB drop technique to underestimate de-
fect size and a slight tendency for the max. amp. technique 
to overestimate. These have been quantified by extracting 
mean and standard deviation data (see Table F-3). This con-
firms the trends with regard to mean error expected from the 
graphs but shows that for all techniques the spread of results 
is similar. 

From Table F-3 it can also be seen that slightly better 
results seem to be obtained with the max. amp. technique 
and with the 20-dB drop technique with a 60° transducer 
(when separated from the 45° transducer results). However, 
this trend was not found in previous work (7), although, 
overall, the values were similar to those obtained previously 
(see Table F-4). The latter results were obtained from tests 
under slightly different conditions, so strict comparisons 
should not be made. 

The values ± 2o (Table F-3) are the 95 percent prob-
ability limits of each distribution; in other words, 95 percent 
of all data will lie between these points. The 95 percent level 
is a standard measure which, in practice, effectively repre- 

Acte( size—... 

Figure F-2. Measured versus actualfiaw sizes for maximum 
amplitude tests. 

sents the limits of the data spread. The lower bound error is 
important because it represents the maximum amount by 
which a defect is likely to be undersized. This represents a 
nonconservative case because, as a result, a potentially sig-
nificant defect could be allowed to remain in a weld. If, on the 
other hand, a defect is oversized, it is likely to be repaired 
irrespective of whether it is in fact significant; which is a 
"sale" or conservative condition. 

It may be seen from Table F-3 that a factor varying be-
tween 0.19 to 0.35 in. (4.8 to 8.9 mm), depending on the 
technique used, is required to be added to the measured 
defect size, depending on the test, to be 95 percent certain 
that the new value is not less than the actual defect size. This 
is a large error, especially when most flaws in welds pro-
duced during manufacture would not be expected to be more 
than about 0.2 in. (5 mm) in depth. 

The diffusion-bonded defects gave responses that were not 
representative of real defects, and therefore the results are 
treated separately. Strong echoes were obtained from points 
that are thought to coincide with the defect extremities (see 
Appendix E), and in cases where a specular reflection could 
not be obtained it was not possible to determine that there 

TABLE F-3 
STATISTICAL DATA ON ACCURACY OF DEFECT THROUGH-WALL SIZE MEASUREMENT 
FOR PROBE MOVEMENT TESTS. 

Maximum 450  +0.088 	(.0.20) 	0.098 (2.50) 	-9.19 to 	+0.20 
amplitude (-4.80 

40 
to 	+5.20) 

10dB drop 45° and -0.080 	(-2.03) 	0.115 -0.31 (2.91) to 	*0.15 
60°  (-7.85 to 	*3.79) 

20dl3 drop 450 only -0.122 	(-3.10) 	0.114 (2.89) 	
-0.35 to 	+0.11 24 
(-8.88 to 	.2.68) 

-0.22 to *0.16 20dB drop 	600  only 	-0.032 	(-0.81) 	0.096 	(2.45) 	 21 (-5.71 to +4.00)  



1 	 -0.037 	(-0.95) 	0.130 	(3.31) 	10 

3 	 -0.052 	(-1.32) 	0.091 	(2.32) 	11 

Mean error () 	 Standard  deviation (a) 

Inches 	(mm) 

Operator 

Inches 	(mm) 

Number of 
measurements 

04 
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was a defect connecting the two points. The results should 
therefore be treated with some caution. 

In general, the larger diffusion-bonded defects were more 
accurately sized than the smaller ones (see Table F-2), indi-
cating the limits of resolving power of the transducer when 
the two extremity echoes are close together. Difficulty was 
also experienced with the thinner plate when echoes from the 
plate surface interfered with the defect signals. The same 
statistical analysis as performed on the welded defects re-
vealed a mean error of 0.026 in. (-s-0.66 mm) and standard 
deviation of 0.085 in. (2.16 mm), which is better than any of 
the probe movement results for the welded defects. This 
would be expected in view of the fact that a well-defined 
extremity signal is usually obtained for these artificial reflec-
tors. 

Operator Variability 

Figure F-3 shows the spread of results for two operators, 
and Table F-S gives the results of a statistical analysis similar 
to that performed for the laboratory tests. It should be borne 
in mind that this statistical evaluation was conducted on a 
small sample (— 10). The results for operator 1 show a signifi-
cant tendency to oversize and have a larger spread of results 
than obtained in any of the laboratory tests. Operator 3 fol-
lowed the trend of undersizing experienced in the laboratory 
tests and had a slightly smaller spread of results (if = 0.091 
in. (2.32 mm)) than the laboratory tests. 

The degree of variation between operators arises from dif-
ferences in the subjective interpretation of the test data (the 
complex and sometimes ambiguous information presented 
on the A-scan display) and from the individual's approach to 
selecting and recording what he considers relevant. It is clear 
that differences in accuracy for different operators are likely. 
However, comparing these results with the laboratory tests, 
even the results from the operator with poorer accuracy are 
only marginally worse than those achieved with controlled 
equipment 
TABLE F-4 
STATISTICAL DATA ON ACCURACY OF DEFECT 
THROUGH-WALL SIZE MEASUREMENT FOR PREVIOUS 
PROBE MOVEMENT TESTS FROM REF. 5 (PLANAR 
DEFECTS ONLY). 

.Iean error 	Standard 	95% probability level 

Test 	 deviation (a) 	 2+) 

Inches 	(mm ) 	Inches (mm) 	Inches 	(mm) 

450 
maximum 	-0.047 (-1.2) 0,134 	(34) 	0.315 to 	-*0.a20 

amplitude (-8.0 to 	•5.6) 

450 
-0.091 (-2.3) 0.102 	(2.6) 	-0.295 to 	*0.114 

20dB drop (-7.5 to 	+2.9) 

60° and 
700  20dB 	-0.108 (-2.7) 0.115 	(3.0) 	-0.343 to 	+0.130 

drop (-8.7 to 	*3.3) 

TABLE F-5 
STATISTICAL DATA ON ACCURACY OF DEFECT 
THROUGH-WALL SIZE MEASUREMENT FOR PROBE 
MOVEMENT OPERATOR VARIABILITY TESTS. 
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ULTRASONIC TEST PROCEDURE, DECIBEL DROP METHODS 

EQUIPMENT 

Flaw detector, 	Krautkrdmer USM2 (supplied by The Welding 

Institute) 

Probes, 	 A selection will be supplied together with the 

necessary beam plots. 

SPECIMEN DETAILS TO BE RECORDED (see attached form NDT/F!1) 

Identification No. 

Material 

Dimensions 

Welding process 

Edge preparation 

Surface condition 

Also note reference marks defining orientation of each plate and 

datum points for measurements. 

TESTS 

The test sequence will consist of the following 

Ii) 0° compression wave scan to check for laminations, on both sides 

of weld from top surface only. (Faces A° and A-) 

(ii) 431Hz shear wave scans to examine defects at 45, 60 and 700  from 

both sides of weld on top and bottom surfaces (A°, A-, B.. B- ) 

(iii)231Hz shear wave scans at 45° only from surfaces A° A- B° B-. 

Details of scans performed and tests used shall also be recorded on 

N DT / F / 1. 
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Compression wave scans 

Sensitivity level: 	back wall echo to full screen height 

(FSH) 6dB 

Area to be scanned: at least 130mm each side of the weld for 

the entire weld length. 

Record all reflectors deemed significant and plot them on a 

drawing. Where possible, size is to be measured by 6dB drop 

technique. NDT/F/3 is provided for recording of information 

from the scans. 

4MHz shear wave scans 

This procedure is to be followed for all probe angles used. 

Single crystal probes are to be used, but twin probes may be 

used in addition if better near surface resolution if required. 

Sensitivity: 	to be set at operator's discretion, 

commensurate with reliable defect detec-

tion. Levels used are to be related to the 

response from the 100mm radius in the 

11W Vi block and recorded. 

Defect assessment: 	The maximum amount of information 

obtainable from each defect is required. 

Therefore, defect length parallel to the 

weld is to be measured by the 6dB drop 

method and through-thickness size and 

depth position measured using the 20dB 

drop method. 

For long defects a number of depth 

measurements are required. 

Minimum number Defect length 	of measurements 

up to 10mm 	 1 

10-20mm 	 2 

20-40mm 	 3 

40-100mm 	 4 

ibO+mm 	 5 

Form NDT/F/2 is provided for recording this information. From 

these scans; plan, longitudinal section and transverse section 

drawings of the defects found are to be produced on an outline 

of the weld preparation. Any relevant comments concerning 

defect type, orientation, etc. are to be included. 

2M1-lz 450  shear wave scans 

The procedure and reporting requirements for these scans 

are the same as for 4MHz tests except through-thickness size is 

to be measured by the maximum amplitude method. 

On completion of the tests, all forms, drawings etc. for each 

specimen are to be fixed together and handed to the appropriate 

Welding Institute investigator. 
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DOCUMENT Ft - FOR,1 NOT/F/i 

THE WELDING INSTITUTE 

NDT RESEARCH SECTION 

MANUAL ULTRASONIC OPERATOR'S TEST REPORT 

This must be carried out by a qualified CSWIP operator with site 

testing experience. 

1. Inspector: 

2. Date: 

3. Specimen number: 

4. Material: 

5. Dimensions: 

6. Welding process: 

7. Edge preparation: 

8. 	Surface condition (i) weld: 

(ii) plate: 

9. Flaw detection equipment: 

10. Probe details: 

Probe number Size 	- Frequency and angle Type and make 

A 

B 

C 

etc 

11. Test details: 

Scan number Probe number Sensitivity Probe scan Area tested 

(1) 

(li) 

(iv) 

etc. 

How sensitivity determined: 

Sizing method used: 

Results: 

Condition of parent plate: 

Details of defects found (drawing attached) 

Test limitations: 

Inspector's remarks: 

NOTES 

(3), (4), (6) and (7): Information given. ' 

(9) Flaw detector must be typical of as used on site, (e.g.US.12) same 

equipment must be used throughout. 

(10)Same probes must be used throughout programme. 

Indicate size. (i.e. crystal size), nominal frequency, angle, type, 

(e.g. twin or single crystal), and manufacturer. 

(ii)Probe number is as designated in (10). 

3.1 

3.2. 

3.3. 
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Sensitivity related to 100mm on 11W block. 

Probe scan - where probe was put and moved on specimen surface 

and which areas of the weld or parent metal were being tested. 

State how sensitivity level was determined • e.g. grass level. 

Sizing: All defects to be sized in length and through-thickness 

Consultation will be necessary to decide if small unintended defects 

need sizing. 

State sizing method used. 

(12)Include detailed drawing indicating 	 - position and size 

of defect 

- which scans found 

which defect 

- assessment of 

defect type, if 

possible, (e.g. 

crack or pore) 

Limitations such as poor parent plate, rough surface, etc., should 

be stated. 

APPENDIX G 

DETAILS OF EXPERIMENTAL EVALUATION OF TIME-OF-FLIGHT SIZING 

The aim of these tests was to establish the degree of accu- TABLE G-1 
racy with which the time-of-flight technique can measure the TIME-OF-FLIGHT TESTS PERFORMED. 
thougl3-thickness extent of weld defects. 

Tests performed 
Specimen  
number 

"Laboratory" Operator 1 	Operator 2 	Operator 3 

EXPERIMENTAL PROCEDURE J201 I I 	 Yr 

The procedure employed is described in Document Gi, .1202 / 

"Part A: Ultrasonic time delay crack depth measurement J203A I l 
system" and "Part B: Time delay procedure for surface 
breaking and embedded defects," included at the end of this 

J203B 

appendix. This document is based on previous collaborative .1204 1 

work with the Non-destructive Testing Centre of the Atomic J205A I 

Energy Research Establishment, Harwell, England, which J205B 
developed the technique. 

.1206 1 1 
In this study, two factors were investigated: 

J207 I 
Determination of the accuracy of the technique for de- 

fect measurement. 
.1208 

Determination of the variation in defect measurements J209A I 

likely to be encountered from the use of different operators. .1209B I I 

Table G- 1 presents the tests conducted. It proved difficult 
J210 

 
I I 

to interpret signals arising from defects in the thinnest plate .1211 I 

(0.4 in.), therefore only a limited number of tests were per- J212A 

formed on these. The equipment used for these tests is de- 3212B 
scribed briefly in Appendix D and in more detail in Document 
Gi. 

.1213 
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RESULTS 

Although it was hoped that signals from the upper and 
lower extremities of the defect could be analyzed simultane-
ously to give a "one-shot" size measurement, this proved to 
be difficult because of the complexity of the display. It was, 
however, possible to position accurately the defect extremity 
nearer the test surface as this signal appears first on the 
monitor timebase. From these data, collected from tests on 
both A and B faces of each specimen, the position of both 
edges of the flaws, and therefore their through-wall size, 
could be determined. 

Such a correction was performed for 18 of the welded 
defects and 6 of the diffusion-bonded defects from those 
tested by the laboratory procedure. The complete results on 
all defects are given in Table G-2. The results on the welded 
defects only are presented in graphical form in Figure G-1 
and in statistical form in Table G-3. In the latter, a direct 
comparison can be made with similar results obtained from 
the more sophisticated laboratory equipment described in 
Ref. (5). The comparison is favorable between the two sets 
of results in spite of a slightly greater tendency for the tests 
carried out in this study to undersize flaws. However, they 
indicate that provided the display can be interpreted suffi-
ciently to obtain time-of-flight values from a flaw's extremi-
ties, a more accurate measure of through-wall depth can be 
obtained than with probe movement methods. 
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The results for the diffusion-bonded defects have again 
been examined separately for reasons discussed in Appen-
dixes E and F. These are insufficient to perform a statistical 
evaluation, but, qualitatively, the accuracy is the best 
achieved for any test in this work (see Table G-2). This bears 
out the theoretical soundness of the time-of-flight technique. 
Again, the results should be treated with caution in that the 
responses from these defects do not represent those from 
real defects. 

The operator variability tests confirmed the difficulty in 
interpreting the displays, because, in several cases, the oper-
ator did not record a value and therefore the number of 
results is very limited. The values recorded are plotted in 
Figure G-2. Apart from the values relating to defect 1 (the 
duplex crack, 0.71-in. (18-mm) maximum through-thickness; 
see Figure C-5), the results are substantially accurate, in-
dicating that where an interpretation could be confidently 
made, it was usually correct. The small sample number pre-
cludes any statistical analysis. 

The main shortcoming of the system employed was the 
absence of an intermediate display produced by the equip-
ment to give a clearer picture of the position of defect ex-
tremities, thereby enabling the size to be determined with a 
minimum of operator judgment. This would appear to be 
necessary in order to interpret the signals satisfactorily. This 
is discussed in Chapters Three and Four of the main report. 
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Figure G-1. Measured versus actual flaw size for 	 Figure G-2. Measured versus actual flaw size for 
time-of-flight tests. 	 time-of-flight operator variability tests. 
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TABLE G-2 
DETAILS OF RESULTS OF TIME-OF-FLIGHT TESTS FOR ALL DEFECTS. 

Specimen 
number 

Defect 
number Defect type 

Actual 
through- 
thickness 
size 

Inches (mm) 

Measured size 

Laboratory 
tests 

Inches (mm) 

Operator 

1 	 2 	 3 

Inches (mm) 	Inches (mm) 	Inches (mm) 

J201 1 Solidification 0.709 (18.0) 0.551 (14.0) 0.315 	(8.0) 	0.571 	(14.5) 	0.413 	(10.5) 
crack 

J202 4 Slag line 0.118 (3.0) 0.079 (2.0) 

.1202 5 Slag line 0.118 (3.0) 0.079 (2.0) 

.1202 6 Slag line 0.138 (3.5) 0.138 (3.5) 

J203A 7 Freeze-break 0.197 (5.0) 0.236 (6.0) 0.197 	(5.0) 	 - crack 

.12038 8 Freeze-break 0.335 (8.5) 0.335 (8.5) crack 

J205A 12 Freeze-break 0.354 (9.0) - crack 

J205B 13 Freeze-break 0.157 (4.0) 0.098 (2.5) crack 

J206 14 Solidification 0.138 (3.5) 0.252 (6.5) - 	 0.098 	(2.5) 	- 
crack 

J206 15 Solidification 0.118 (3.0) 0.079 (2.0) - 	 0.118 	(3.0) 	0.059 	(1.5) 
crack 

.1207 17 Slag line 0.157 (4.0) - 

.1207 18 Slag line 0.157 (4.0) - 
J207 19 Slag line 0.157 (4.0) - 

.1208 20 Freeze-break 0.157 (4.0) 0,118 (3.0) crack 

J208 21 Freeze-break 0.276 (7.0) 0.197 (5.0) crack 

J209A 22 Freeze-break 0.276 (7.0) 0.236 (6.0) crack 

.J209B 23 Freeze-break 0.354 (9.0) 0.276 (7.0) - 	 0.138 	(3.5) 	0.374 	(9.3) 
crack 

J210 24 Lack of fusion 0.315 (8.0) - 
.1210 25 Lack of fusion 0.118 (3.0) 0.079 (2.0) 0.079 	(2.0) 	0.059 	(1.5) 	0.197 	(5.0) 

J210 26 Lack of fusion 0.236 (6.0) 0.079 (2.0) 

J211 27 Freeze-break 0.157 (4.0) 0.079 (2.0) crack 

J213 34 Slag line 0.098 (2.5) 0.079 (2.0) 

J213 35 Lack of fusion 0.059 (1.5) 0.079 (2.0) 

2231 36 Diffusion 0.118 (3.0) - bonded defect 

.1251. 37 Diffusion 0.236 (6.0) - bonded defect 

Angled 
J252 38 diffusion 0.118 (3.0) 0.098 (2.5) 

bonded defect 

Angled 
J252 39 diffusion 0.236 (6.0) 0.217 (5.5) 

bonded defect 

Angled 
J252 40 diffusion 0.472 (12.0) 0.394 (10.0) 

bonded defect 

Diffusion J233 41 bonded defect 0.118 (3.0) 0.079 (2.0) 

Diffusion J253 42 bonded defect 0.236 (6.0) 0.315 (3.0) 

J253 43 Diffusion 0.472 (1.2.0) 0.433 (11.0) bonded defect 

- examined but no sensible result 
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TABLE G-3 
STATISTICAL DATA ON ACCURACY OF DEFECT 
THROUGH-WALL SIZE MEASUREMENT FOR 
TIME-OF-FLIGHT TESTS. 

Mean error, it Standard 95% probability 

Test deviation, a level (E t 2o) 

Inches 	(mm) Inches 	(mm) Inches 	(mm) 

"Laboratory" tests 
-0.041 	(-1.03) 0.064 	(1.63) 

-0.169 to 0.088 
on simplified . (-4.29 to 2.23) 
equipment 

Results from 
previous 
Welding 
Institute 0.02 	(0.50) 0.071 	(1.80) 

-0.1.22 	to 	0.161 

programme (5) (-3.10 to 4.10) 

with complex 
equipment 

Document GI 

ULTRASONIC TIME DELAY CRACK DEPTH MEASUREMENT SYSTEM 

Principles of operation and use 

One physical property of ultrasonic waves is that they may be 

diffracted over a wide angle by a sharp discontinuity in the material 

through whiãh they are travelling. The tip of a crack is such a 

discontinuity and use is made of this effect to measure crack depth. 

If ultrasound is directed at a crack tip, it is diffracted over 3600  by 

the tip region (Fig. 1). A component of the diffracted wave is picked 

up by a receiver probe and measurement of the time taken for sound 

to travel round the crack enables the depth to be calculated by 

simple geometry. 

The formula relating crack depth, x, and time delay it is: 

* (d2 *)(S)2]+ 

where s is the probe spacing (see Fig. 1) 

V is the velocity of longitudinal sound waves in the material 

(° 5900m/sec for steel) 

d is the depth of a reference notch needed to set up the system (see 

Section 2) 

System characteristics 

Figure 2 shows a block diagram of the Harwell modular system which 

uses the time delay approach and Fig.3 a schematic diagram of the 

front panel. The difference timer is a comparative unit so the system 

must be calibrated on a known notch. .A series of milled notches 

ranging from 2 to 40mm in depth is available. The size of reference 

Document Gi Continued 

notch, probe separation, a, and, angle, 8, (see Fig. 1), must be 

chosen so the crack tip will lie within the beam. The variation of 

depth of intersection of ultrasonic beam axes with probe separation 

is shown in Fig.4. The time taken to traverse the reference notch is 

stored in a memorywhen the "set zero" button is pressed. When the 

probes are placed over the crack to be measured, the "measure" 

button is depressed and time taken to traverse the crack is recorded 

by the timer, the stored time to traverse the reference notch is 

subtracted and the difference (it) displayed as a series of digits. 

Crack depth may then be calculated from the formula or determined 

from a calibration curve (FigS). 

Setting up and measurement 

Select probe angle and separation to suit cracks under examina-

tion. (Fig.4) 

Connect probes Tx and Rx to socket numbers (1) and (2) 

respectively in Fig.3. Connect trigger (3), R.F. out (5), and 

strobe (4) to oscilloscope (2 channel). 

Check that the system triggers correctly by placing probes 

over the reference notch and observing the strobe pulse. A 

schematic of the correct configuration seen on the CRT screen 

is shown in Fig.6. If system will not trigger on correct pulse, 

either there is insufficient gain or the strobe delay is incorrect. 

To adjust the latter, turn "delay" screw on the strobe unit 

(Fig.3). To adjust the gain, remove the connection from (4) on 

Fig.3 and connect (6), the gate signal. A gate will appear on the 

CRT as a step whose size, position and effect on signal amplitude 

may be adjusted by the three screws on the AGC module. After 

readjustment, reconnect to (4) on the strobe module. 

(iv)To measure the time delay, place the probes symmetrically over 

a suitable reference notch as shown in Fig. 1. If necessary move - 

them slightly to minimise time of flight, observed by monitoring 

the CRT screen. Press the "set zero" button. 

The equipment is now ready to measure a crack so place over the 

point to be measured, again in a manner similar to Fig. 1, and making 

sure the strobe pulse is stable and at the correct point on the pulse 

(Fig. 6). Press the "measure button" and it will appear as a series of 

digits in micro seconds (the decimal point is marked on the display) 

from which crack depth may be obtained. The red LED will flash if the 

value is negative. 
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TIME DELAY PROCEDURE FOR SURFACE BREAKING AND EMBEDDED 

DEFECTS 

To operate time delay system using manual positioning of timing points, 

(i.e. not using automatic trigger) 

Set up time delay equipment as shown in the wiring diagram: Fig.7. 

Place probe carriage symmetrically over a suitable reference notch. 

Notch depth and probe separation are picked according to depth 

zone to be scanned: See Table (1) which refers to probes SI and S7 

with shoes Wit and W12. Beam plots are shown in Fig.8 and Fig.9. 

As no lateral wave is available for calibration, programme calculator 

using P.J.M. 4.2.80 programme (Table 2). 

Move marker on YB trace to intersect the first peak from reference 

notch signal on YA trace on scope. This is done by using the 

external potentiometer on front extreme right of time delay rig. 

(Use x5 pull on switch on front of 'scope for accuracy..) 

Having positioned the marker on top of this peak press set zero 

button. Any time measurements from now on will be taken as plus 

or minus from this position. 

To check all is functioning correctly place probes astride another 

reference notch, position marker over notch signal as before and 

press measure button. Punch this time in is into the calculator and 

the answer should be the notch depth in mm. 

Place probes over area to be scanned, and when defect signals are 

located and maximised take measurements as in Step 6. Use form 

NDT/F/5 to record information. 

Calibration curves for probe separations at each depth zone are in 

Fig. 10, 11. 12 and 13. 

Module No. 95/0169'- 1/6 controls the range over which the marker 

on the YB 'scope trace may be moved for time measurements. To 

adjust those ranges, see Table 3. 

NOTES 

Always use sufficient couplant, grease, Rosalex or similar to 

transmit the sound from probe to specimen. However, do not let 

couplant seep into the crack as it will render it transparent to 

ultrasound and this method becomes much less effective. 

It is desirable to place a tensile load on fatigue cracks before 

measurement (up to the magnitude of the fatigue load) as these 

tend to close up leading to erroneous depth measurement. 

(iii)If it is felt that the defect signal can be increased by changing 

probe separation, this may be done, but the system must then be 

recalibrated for the new probe separation and the new probe 

separation must be entered into the calculator memory. 

(iv)A selection of notches of known depth are available in reference 

blocks No.20, 21, 22 and 24. Notch depths are given in Table 4. 

Document Gi Table 1 

Time delay depth zones for: Probes S5, S7, Shoes Wil, W12 

Probe Reference Depth Beam center 
separation notch zone . 	lines intersect 

40mm 20mm 10-22mm 	' 19mm 

70mm 30mm 22-37mm 33mm 

110mm 40mm 35-70mm 52mm 

150mm 40mm 48-95mm 70mm 
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Fig I Exosrimenial setup fu snot of flight ,"eauuremeot of crXk depth 
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Document C I Table 3 Adjustment to marker on CRT for time measure- 
ments (module 9510179-1 /6) 

Capacitor Delay range Link Link position 

390 200-350ns I A-B 
l.00pf 300-15OOns 2 A-B 
3.300pf 900-4500ns 3 A-B 
0.15f 3-15ias 4 A-B 
0. 033uf 9-45iss 1 A-C 
0.1(sf 30-150Ias 2 A-C 
0.33uf 90-450tis 3 A-C 
1sf 300-1500ss 4 A-C 

NOTES. 1. Adjustment is made by moving link pin across links 1 to 4 
enabling various capacitors to be switched in. 

2. Links 5 to 23 provide fine tuning for the ranges quoted 
above. 

Document Cl Table 4 Reference notch depths 

Reference Notch block 	 depth (mm) numoer 

24 	 2 
24 	 4 
24 	 6 
22 	 10 
21 	 15 
20 	 20 
20 	 25 
21 	 30 
22 	 40 

OWerence 
Ta cL A Ru 
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Document 01 
Fig.2. Block didgraiO of uirrasuoic time del.sy system based on Harwefi 6000 series modules 
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Fig.3, Schematic eliagrasis of frostS poise) of time delay unit. 
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Fig 4. Variation of depth oi intersect ion of beam axes mrS oeparar,on for 450  and 5t probeo.  

IS 

08 

06 

04 

02 

C 	 I 	 I 

1.2 	 dx 10rpm 
38mm 

24 

26 

78 

0 	2 	4 	6 	9 	10 	72 	14 	76 
Crock depth x mat 

Document G I 
FigS. Cyp,cal cab StirS ion curve. 

SIx 
pod 

RF 

Document GI 
FigS Schematii of CRC display of response Ira,,, surface breaking oo(xh 

Probes 

/0 

In 

Out 

Its 

X-Tal Drive 

PFSignol Out 

 -00 Control 

Out I s'  It 	out 

Scaler Difference Delay Detector! I 
trmer 0 ted A DC - delay potentiome ter 

YA 	 H 	I  Scope 	 I 
YB 

scope 	 scope 	 I 
Docomeos 05 

Fig?. Time delay unit (torte pacel setrings using marker on CRT trace for (ime measurement. (For key see document 05 Fig3.) 



75 

Document GI Continued 
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Document G I 
Fig.8. Beam plots for SMAll 1 transducers. 
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Document G 1 
Fig.9. Beam plots for S71W12 transducers. 
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Fig. 13. Calibration come. 
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nature and performance of transportation systems, to disseminate information that the 
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transportation. 

The Transportation Research Board operates within the Commission on Sociotechnical 
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advising the Federal Government. The Council operates in accordance with general 
policies determined by the Academy under the authority of its congressional charter of 
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