Case N-824: Alternate Requirements for Ultrasonic Examination of Cast Austenitic
Piping Welds from the Outer Diameter (OD) Surface, Section XI, Division 1

WHITE PAPER

TECHNICAL BASIS FOR PROPOSED ALTERNATE REQUIREMENTS FOR
ULTRASONIC EXAMINATION OF CAST AUSTENITIC PIPING WELDS
FROM THE OUTER DIAMETER (OD) SURFACE

1.0 INTRODUCTION

Piping welds that join cast austenitic material to the same material or to other materials,
such as wrought carbon steel, low alloy steel, or wrought austenitic steel ate not
addressed in Section XI, Appendix VIII component qualification supplements. The ‘in
course of preparation’ note in Table VIII-3110-1 for this type of material mandates that
the Owner apply the requirements of Appendix III as supplemented by, Table I-2000-1,
for the ultrasonic examination of these components. Currently such tequfirements do not
adequately address the complexity of ultrasonically examiningscast austenitic material.
While certain improvements in rules are found in Appendix III, Supplement 1, these rules
do not reflect the knowledge that has been gained in the lastthirty plus years for
achieving the best available ultrasonic examination gn sueh materials and associated
welds.

The proposed alternate ultrasonic test requisements-are intended to define in more
specific terms the methods, equipment awd¥knowledge needed to detect and size flaws in
cast austenitic material. These alternate requirements are specific to Appendix III and
include a proposed new supplement, which'is dedicated to cast austenitic materials and
their associated welds. These requitéments are provided in a manner consistent with the
format of Appendix III, Supplementd, with existing Appendix III criterion being
substituted by special or additional*requirements where appropriate.

The technical basis fot thesg proposed alternative ultrasonic test requirements are defined
below.

2.0 DISCUSSION OF TECHNICAL BASIS

The intent of this section is to provide justification for the proposed alternative ultrasonic
test requirements.

2.1  Separation of Dissimilar Metal and Cast Austenitic Weld Ultrasonic
Examination Requirements

While it is recognized that both dissimilar metal and cast austenitic welds are coarse

grained, anisotropic structures, the difference is that additional detrimental beam/grain
interactions are associated with the coarse grained and anisotropic cast austenitic base
material. For dissimilar metal welds comprised of high alloy steels, high nickel steels,
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wrought carbon or low alloy steels, and wrought austenitic steels, the base material is
essentially transparent to significant beam/grain interactions and, as such, performance
demonstration to the current requirements of Appendix VIII, Supplement 10 are
achievable. This higher level of performance for dissimilar metal welds is the reason for
maintaining the performance demonstration requirement from one side of the weld (i.e.
Appendix VIII, Supplement 10) when the opposite side of the weld is a cast austenitic
material.

It is also recognized that cast austenitic material needs to be treated differently with
respect to casting methods and casting parameters since the microstructure may be
comprised of various grain sizes and shapes as reported in Reference 4.1. Randomly
equiaxed, columnar and mixed grain (equiaxed and columnar) structuresamay exist. The
in-situ determination of the microstructure for the materials to be examined has been
attempted with only limited success [Refs. 4.2 — 4.7]. For simplisti¢ purpeses, the
differences in cast austenitic material is divided into statically castsand centrifugally cast
consistent with the material being fabricated in a stationary safid-Cast type mold (typically
fittings such as elbows) or with the material fabricated in afotatifg mold (typically
piping), respectively.

2.2 Search Unit Selection

Appropriate search units for use on cast atistenitie materials have been investigated since
the mid 1970’s. Generally, until 20055the search unit type has been a conventional
ultrasonic test search unit containing singlé*or multiple monolithic piezoelectric elements
with active crystal areas of 0.75 to L. %5 $quare inches (485 — 1130 mm?). Such units
have been used to propagate 40%:45° refracted longitudinal waves in a pulse-echo or
transmit-receive mode andghaye a iominal test frequency of 0.5 MHz — 1.5 MHz. The
transmit-receive units were fitted to contoured wedges that had a roof or squint angle to
achieve theoretical acQustic/focusing in the material, at or near the opposite wall surface,
based on modeling in,isetropic material. Such search units have been generally used in a
manual mode [RefS{4.8 — 4.14].

From roughly 2005 to the present, investigations have concentrated on the use of multi-
element, phased array UT search units with total apertures (active aperture x passive
aperture) ranging from 0.36 to 5.46 square inches (242 — 3522 mm?) depending on the
thickness of the cast austenitic material. Such search units are used to propagate 30° -
60° refracted longitudinal waves in transmit-receive mode and have a nominal test
frequency of 0.5 MHz — 2.0 MHz. The integral and individual wedges associated with
these search units are contoured consistent with the component surface. The focal laws
are created to focus in the material, at or near the opposite wall surface assuming an
isotropic material. These search units have been successfully used in an automated
(encoded) scanning mode [Refs. 4.15, 4.16, 4.20 and 4.22].

Such search unit characteristics are consistent with the following technical reasoning:
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a)

b)

d)

Dual, Transmit-Receive Refracted Longitudinal Waves:

Refracted longitudinal waves are less affected by grain interactions, at a given test
frequency, than shear waves due to their longer wavelengths. Grain interactions
increase as the wavelength decreases (and frequency increases). Whereas the
refraction of longitudinal waves also results in a shallower angle shear wave
component, the shear wave component is attenuated with the longitudinal wave
component being the dominant mode. The dual transmit-receive mode of operation
allows for concentration of sound energy in a narrower area with scattering associated
with grain boundaries directed preferentially away from the receiving element. In
addition, any unwanted wedge internal reflections are minimized in thi§ manner.

Contoured Wedges:

Contouring the search unit wedges consistent with the scan§usface of the component
improves the transfer efficiency of sound energy, from th€*wedge to the component,
by allowing the entire active region of the sound beam to be coupled to the
component. This maximizes the acoustic energy prepagatéd into the material. This
coupling is essential when using phased array seareh,inits that possess a series of
small elements that need to propagate energyfonbeam forming over the entire
surface of the search unit. The allowance for no more than a 1/32 inch (0.8 mm) gap
between the search unit and the comporfentisutfice along the entire scan length is
considered sufficient, and is consistefit with the requirement mandated in qualified
inspection procedures for dissimil@rmetal welds.

Inspection Frequency:

Attenuation associated‘withsgsain boundary interactions, grain sizes and grain
orientation increaseS with'the inspection frequency. Component thickness (and the
number of potential grain boundary interactions) also increases attenuation.
However, a décreased inspection frequency (and corresponding longer wavelength)
decreases théypotential for detecting smaller and tighter flaws and reduces the
capabilitysofresolving flaw extremities for depth sizing. Selection of inspection
frequency, for cast austenitic materials is therefore a compromise, as in other
materials. Thinner cast austenitic materials (e.g. equal to or less than 1.6-inches
thick) allow for the use of slightly higher inspection frequencies. Studies have shown
typical frequencies to be in the range of 0.8 MHz to 1.5 MHz [Refs. 4.16 and 4.23],
with increases up to 2.0 MHz occasionally being practical [Ref. 4.16]. Thicker cast
austenitic materials (e.g. greater then 1.6-inches thick) necessitate inspection
frequencies between 0.5 MHz — 1.0 MHz [Refs. 4.10, 4.14, 4.15, 4.20 and 4.22].

Refracted Beam Angle:

Generally, in highly attenuative materials, lower beam angles result in less scattering
interactions. Reference 4.8 discusses a study of four heats of centrifugally cast Type
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316 (CF8M) stainless steel pipe, two heats of centrifugally case Type 304 (CF8A)
stainless steel pipe, and two heats of statically cast Type 304 (CF8A) stainless steel
elbow material. These materials ranged in wall thicknesses from 2-1/2-inches (65
mm) to 3-3/4-inches (95 mm), where an optimum 1 MHz search unit test frequency
yielded an optimum refracted longitudinal wave angle of 41° - 42°. This optimum
frequency/angle combination resulted in the lowest material noise levels. Reference
4.10 demonstrated, in a blind test program involving three test operators, that a 40°
refracted longitudinal wave angle (and 40° ID surface impingement beam angle)
could detect 25% - 30% through-wall fatigue cracks with 100% reliability. This
demonstration was conducted using fatigue cracked and non-cracked test specimens
fabricated from 15 ring welds in centrifugally cast Type 304 (CF8A) stainless steel
pipe. Subsequent studies using phased array ultrasonics on flawed test §pecimens
have concentrated on the use of refracted longitudinal beam angles (and TD surface
impingement beam angles) between 30° - 60° for the detectiontand,sizing of ID
surface initiated flaws [Refs. 4.15, 4.16, 4.19, 4.20 and 4.22J=Refiacted longitudinal
waves impinging the ID surface at angles between 40° -50%also result in the largest
coefficient of reflection for ID surface initiated flaws [Ref. 421]. For cast austenitic
materials equal to or less than 1.6-inches thick genegally the entire ID surface
impingement angle range of 30° - 60° is effectives=Eon thicker cast austenitic
materials (e.g. greater than 1.6-inches), the higher ID surface impingement angles
(and greater sound paths) are more impacted by the cast material microstructure; the
range of effective ID surface impingemént'angl€s is reduced to 30° - 50°.

To increase the robustness of the éxamination for a wide range of flaws it is an
accepted practice to increase thg,numiber of beam angles. This is the philosophy
applied in qualified ultrasonic examination procedures for dissimilar metal welds
where angles of 45° and,60° arc*¢ommon with some procedures applying three or
more angles in the range 30%te 70°. The multiple ID surface impingement angles
increase the chancg§ ofidetecting tilted and skewed flaws having rough or smooth
surfaces at the LD Surface and at a location in the thickness of the examination
volume.

Thus for eaSt-austenitic materials equal to or less than 1.6-inches thick and greater
than 1.6-inches thick, UT procedures should apply at least one beam angle that
produces an ID surface impingement angle in the range of 30° - 50°. Generally ID
surface impingement angles between 30° - 50° are more sensible for ID surface
initiated flaws and a corner trap response detection approach. Higher angles greater
than or equal to 55° are practical in obtaining direct impingement responses from
deeper flaws; as such at least one beam angle is required that is greater than or equal
to 55°.

Search Unit Size:

Since it is desirable to focus or narrow the sound beam within the cast austenitic
material, in order to detect in-service type flaws (i.e. ID-surface initiating cracks), the
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focal point should occur at or near the ID surface of component. Search unit design
requirements must consider that beam focusing can occur only within the near field
zone of the search unit. The near field is a function of the search unit frequency, the
ultrasonic wave velocity in the material, and the search unit active size or aperture.
For a circular crystal, or the active length of an array, the near field can be expressed
as:

N = D*/4c

where N = near field length,
D = search unit active size or aperture,
f = search unit frequency, and
¢ = acoustic velocity.

Since the near field should be at least the sound path length€(fecabllength) from the
OD examination surface to the ID surface, where in-seryiCetype flaws will initiate,
the minimum search unit active size or aperture can be gxpregsed as:

Dinin = [(N*4 ¢)/f]"?

where N is equal to the required focal length or sgund path to the ID surface of the
cast austenitic material. In general, beatn foctsing within 6 dB of the maximum
sound energy concentration (focal lefigth) is generally valid from 2 to 2 times this
distance. Thus a requirement thatfthe focusing be within 80% to 110% of the nominal
wall thickness of the cast austefiticyhaterial is conservative. This ensures that the
acoustic energy is maximized at\ongiear the ID surface.

f) Verification of Focal .enpgth:

In a dual monolithic element search unit, the resultant focal length is defined by
known designfparaméters such as element size, frequency, wedge angle, wedge squint
angle, and material (wedge and examination material) acoustic velocity. As such, the
fabricated\s€arch unit will generally provide the desired beam focusing results as
verified ®n amn appropriate reference block. A phased array search unit achieves the
desired focal length by the same known design parameters, plus a set of focal laws
that electronically manipulate each element of a phased array search unit to achieve a
beam convergence at the desired sound path. These focal laws need to be verified by
sound beam modeling in addition to reflector responses on an appropriate reference
block.

2.3  Personnel Requirements
A key element to the success of examining cast austenitic materials is training. This has

been concluded in a number of investigations [Ref. 4.10, 4.14 and 4.18]. To be effective,
the training must be specific to the materials, examination methods and examination
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procedures to be applied. Awareness of the potential for beam splitting, beam distortion,
and beam skewing will aid in selecting the appropriate test parameters and in evaluating
the test results. Hands-on laboratory examination of cast austenitic material welds
containing known flaws is mandatory. Such examinations increase a test operator’s
proficiency and provide confidence in the soundness of the test procedure for flaw
detection and sizing. Non-blind access to the training specimens is necessary to allow for
appropriate feedback in development of procedures, equipment, and personnel.

It is mandatory that the ultrasonic examination personnel who perform Section XI
mandated inspections be qualified in accordance with IWA-2300. This includes the
requirements of Section XI, Appendix VII. This level of training and expetience includes
a proficiency in discriminating between flaw indications and indications.of geometric or
metallurgical origin. As such it is reasonable that an additional 4 hours of classroom and
4 hours of hands-on laboratory examinations in the content as descibed above is
sufficient.

2.4  Scanning Sensitivity

Analogous to the majority of Appendix VIII examination procedures, the scanning
sensitivity needs to be sufficiently high to images€levant planar flaws for detection and
sizing. Such planar flaws may have rough or, sthoothimorphologies, and may be skewed
and/or tilted with respect to the components prin€ipal axes. Thus, they do not
necessarily relate in amplitude or echo-dynamics‘to responses from machined calibration
reflectors. Scanning at a material noiSesdevel 6f 5 — 20% full screen height is consistent
with qualified inspection procedurés fopferritic, wrought austenitic and dissimilar metal
piping welds, and is equally practical for cast austenitic welds.

25 Calibration

The calibration progess should be consistent with current practices, in that the key
parameters such 4§ calibrated test range, beam exit point, beam angle, beam focal sound
path and refereneg Sensitivity are established. Using calibration block material that is
closely represefitative to the actual material to be examined will provide better
information te be used in the evaluation of test results. Since statically and centrifugally
cast austenitic materials generally have different grain sizes and orientations, these should
be considered separate material types. Consistent with dissimilar metal welds, the
calibration notches for cast austenitic materials should be larger than those defined in
Table 111-3430-1; notches having a through-wall depth of 10% of the thickness need to be
represented as a minimum. Additional notches having larger through-wall depths are
also recommended.

2.6 Component Surface Finish

The requirement of using large, low angle search units in conjunction with contoured
wedges necessitates that scanning be conducted over both the base material and the weld
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crown in order to examine for flaws parallel and transverse to the pipe weld and to cover
the required Figure IWB-2500-8 examination volume. Therefore the weld crown needs
to be flush with the adjacent cast austenitic base material to allow for adequate ultrasonic
coupling with the examination surface. This requirement is similar to that mandated by
Appendix VIII qualified procedures for the examination of dissimilar metal welds.
Ideally the gap between the search unit and the examination surface should be less than
1/32-inch (0.8 mm), as is currently specified in ASME Code Section XI, Appendix D.

2.7 Examination

Figure IWB-2500-8 defines the examination volume for pipe welds in general. As a
minimum, scanning must be performed to detect flaws in the inner 1/3Twef the weld and
in “-inch (6 mm) of adjacent base material. This requires multiple scan paths to
adequately interrogate the examination volume, particularly for flaws“ransverse to the
weld. As such, a minimum distance of ’2-inch (13 mm) from thgsweld toe onto the
adjacent base materials shall be examined on multiple scan péths te meet this
requirement.

The investigation reported in Reference 4.14 highlights.a aced to ensure adequate
coupling exists under the entire contact face of th€"search unit during scanning.
Inadequate coupling will often translate into high material noise levels being observed in
the UT data, resulting in reduced flaw detection capability. The examination procedure
should address adequate coupling, either’thteugh’the required use of liberal amounts of
couplant material, recognition of matétial reflectors at or near the ID surface, or by the
use of couplant monitoring beam ahgles!” A combination of these actions is also
acceptable.

2.8 Flaw Detection and Siziag

The recording of suspected flaw indications, regardless of amplitude, is a requirement of
Appendix III, TII45 4 (2) and is consistent with the majority of Appendix VIII
examination proeedures. It is noted however that this approach for cast austenitic
materials offetS;in‘general, a capability to detect through-wall flaws having larger
through-wallhdepth rather than > 10% through-wall depth, as mandated by Appendix VIII
for pipe welds.” This capability should improve for thinner components. Reference 4.16
reported a capability of detecting 15% - 27% through-wall flaws in cast material up to
1.6-inches (41 mm) thick. References 4.10, 4.14, 4.18, 4.19 and 4.22 reported a
capability of detecting flaws from approximately 20% - 50% through-wall depth in
thicker materials.

Experimentation has shown that, for sizing in cast austenitic material, there needs to be a
departure from the method in Appendix III, I11-4520. The length of a flaw indication
should be measured using a full amplitude drop method rather than 50% of the peak
amplitude response. The full amplitude drop method is often used in Appendix VIII
qualified procedures and has been shown in References 4.16 and 4.20 to result in flaw
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length RMS errors of less than 0.75-inch (19mm), when using automated phased array
UT processes. The 50% of the peak amplitude response was applied in Reference 4.14,
using a manual conventional UT examination procedure, and was shown to consistently
undersize the flaw length in the range of 0.57-inch (14 mm) to 0.94-inch (24 mm) for
statically cast austenitic stainless steel material and in the range of 0.22-inch (6 mm) to
1.36-inches (35 mm) for centrifugally cast austenitic stainless steel material; the full
amplitude drop method of length sizing would have increased the measured lengths and
would have reduced the undersizing error.

Although there are recognized limitations, particularly in thicker components, time-of-
flight tip diffraction methods consistent with Appendix VIII qualified procgedures are
considered the best available depth sizing techniques to be used for castsaustenitic
materials. Factors such as beam redirection need to be considered in these attempts. The
need to apply low frequency search units to compensate for the material effects reduces
the resolution of the process. Some capability for using tip difftaetion,sizing is reported
in References 4.16 and 4.20. These were both automated (en€oded) scans that allowed
for off-line analyses.

2.9  Scanning Methods (Encoded versus Manualh)

In the 1970s and 1980s, flaw inspection investigation$ on cast austenitic material were
mostly performed manually [Refs. 4.8, 4.10; 4N.174712, 4.13, 4.14, 4.18], whereas those
investigations since 2005 are primarily by éacodéd means [Refs. 4.15, 4.16, 4.19, 4.20,
4.22]. Both methods have shown proffusing résults.

Both methods have also been applied to'other complex inspection configurations such as
dissimilar metal welds with equalsti€cess in the qualification process using phased array
UT technologies, and withfles$suecess using conventional UT technologies. In the latter
conventional UT case gflawdetection and length sizing qualification was achieved by
either manual or engoded means however successful flaw through-wall sizing was only
achieved by encofled/means. Given that the conventional manual and encoded UT
techniques are similar in terms of probe selection and flaw evaluation logic, the logical
explanation forthissflaw through-wall sizing difference is the inability of the UT
examiners toxedognize the difference between flaw indication responses and weld
material/interface noise responses on an UT instrument containing only time and
amplitude information for a single beam angle, i.e. a thin slice of the examination volume
at any given search unit position. Manual phased array UT offers data displays that
combine time and amplitude, and multiple beam angles to provide an instantaneous larger
cross-section of the examination volume at a similar search unit position. For the latter
case, the relative positions of flaw indication and weld material/interface noise signals
within the observed cross-section can be understood and evaluated by the UT examiner.
For an encoded examination, multiple two-dimensional data displays can be shown to
allow the UT examiner to obtain an understanding of the relationship between all the
recorded responses over the entire examination volume. The multiple beam angles
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associated with phased array UT methods provide substantially more information than
single angle conventional UT methods.

For cast austenitic materials, flaw indication and weld material/interface responses will
be combined with cast material noise responses to create a potentially more complex
evaluation problem for an UT examiner. This will impact the technical performance of
the inspection approach. The ability to review recorded data in an off-line environment,
to compare recorded data from inspection to inspection, and to have the means of
eliciting other expert opinions on the validity of the recorded data greatly enhances the
choice for encoded scans. From the above arguments, the selection of scanning methods
in the expected order of performance (higher to lower) is:

¢ Encoded scans using phased array UT
¢ Encoded scans using conventional UT
e Manual scans using phased array UT
e Manual scans using conventional UT

It is recognized that encoded scan methods involve added costs associated with
development, equipment qualification, and field appli¢ation. Access, schedule, geometry
and dose rates may negate the use of encoded sg@nneérs*for some welds. As such,
manually applied scans consistent with the othettechnical requirements discussed earlier
may be the only practical solution.

Therefore the selection of encoded vetstisananual scanning methods is a trade-off based
on the technical performance achiéved 6n test samples encompassing the weld
configuration, and the examinatien énvironment.

3.0 CONCLUSIONS

These alternate eXamination requirements discussed in this paper offer a means to
improve the reliability of ultrasonic examination of cast austenitic welds and base
material, from the=outer diameter surface. While these requirements will not provide
results consistent with those defined for wrought austenitic welds and materials in
Appendix VIII, Supplement 2, they define supplemental essential parameters to those in
Appendix III that have come from a number of significant investigations involving
flawed test samples, and share certain essential parameters with Appendix VIII qualified
procedures.
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