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ABSTRACT 

The Pacific Northwest National Laboratory (PNNL) in Richland, Washington, conducted initial studies to 

evaluate the effectiveness of nondestructive examinations (NDE) coupled with mechanical testing for 

assessing butt fusion joint integrity in high density polyethylene (HDPE) pipe. The work provided 

insightful information to the United States Nuclear Regulatory Commission (NRC) on the effectiveness of 

volumetric inspection techniques for detecting lack of fusion (LOF) conditions in the fusion joints. HDPE 

has been installed on a limited basis in American Society of Mechanical Engineers (ASME) Class 3, 

buried piping systems at several operating U.S. nuclear power plants and has been proposed for use in new 

construction. A comparison was made between the results from ultrasonic and microwave nondestructive 

examinations and the results from mechanical destructive evaluations, specifically the high-speed tensile 

test and the side-bend test, for determining joint integrity. The data comparison revealed that none of the 

NDE techniques detected all of the lack-of-fusion conditions that were revealed by the destructive tests. 

Follow-on work has recently been initiated at PNNL to accurately characterize the NDE responses from 

machined flaws of varying size and location in PE 4710 materials as well as the LOF condition. This effort 

is directed at quantifying the ability of volumetric NDE techniques to detect flaws in relation to the critical 

flaw size associated with joint integrity. A status of these latest investigations is presented.  

 

 

INTRODUCTION 

The nuclear industry has developed ASME Code Case N-755, “Use of Polyethylene (PE) Plastic Pipe for 

Section III, Division 1, Construction and Section XI Repair/Replacement Activities.” This Code Case 

contains the information for nuclear power plant applications of HDPE and requires that a visual 

examination and pressure test be performed after the fusion joint is made. In general, these tests are only 

effective if substantial through-wall flaws exist in the fusion joint. The NRC has not yet approved this 

Code Case for use as flaw acceptance criteria are still under development and the effectiveness and 

reliability of volumetric NDE examinations are still being assessed. PNNL is assisting the NRC in this 

endeavor by conducting experimental studies to validate the effectiveness and reliability of NDE. 

 

 

BACKGROUND 

Previously [1, 2] PNNL collaborated with McElroy Manufacturing, Inc. to fabricate a series of butt-fused 

joints in 30.5-cm (12-in.) iron pipe size (IPS) DR11 3408 HDPE pipe. The butt fusion joints were fused 

under six different conditions, from standard to extremely poor, to provide a mix of good and bad fusion 

joints. Ultrasonic and microwave NDE were conducted on the joints as well as a visual examination. The 

ultrasonic evaluations were performed using time-of-flight diffraction (TOFD) and transmit-receive-

longitudinal (TRL) phased-array (PA) techniques. PNNL and Structural Integrity Associates, Inc. 

conducted the ultrasonic PA evaluations. Ultrasonic TOFD evaluations were performed by PNNL, Fluor 

Nuclear Power, and NDE Innovations, Inc. Microwave evaluations were conducted by Evisive, Inc. To 

validate the NDE results, destructive evaluations (DE) were performed that consisted of high-speed tensile 

testing of a limited number of samples. The merits of slicing through the joint material were also 

considered for a visual examination. The “dog-bone” shaped specimens required for the high-speed tensile 

                                                   
1
 The work was sponsored by the U.S. Nuclear Regulatory Commission under U.S. Department of Energy Contract 

DE-AC05-76RLO1830; NRC JCN V6230; Mr. Wallace Norris, Program Monitor. 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
47

89



994 

 

tests limited the number of test points per quadrant to approximately two. Follow-on DE was conducted 

with the side-bend test (SBT) [3] and included testing approximately ten strips per quadrant of pipe for 

two quadrants. As an example, the SBT results from quadrant 1, upper left, and quadrant 2, lower left, are 

displayed in Figure 1 for specimen 1218, which was prepared under an extremely poor condition (grease 

in the joint area at the zero position). The SBT results from the same quadrants for specimen 1223, which 

was prepared using standard, ideal conditions, are displayed in Figure 2.  A red strip indicates a complete 

failure of the test piece. A yellow strip indicates a failure but with a remaining ligament at either the inner 

diameter (ID) or outer diameter (OD). If a flaw was present but both ID and OD ligaments remained 

intact, the test piece was color coded light green. Finally, the no-failure condition was coded dark green.  

 
 

Figure 1 – Side-bend test results for fusion joint 1218 (prepared with grease in the joint at the zero 

position) on two quadrants. 

 
 

Figure 2 – Side-bend test results for fusion joint 1223 (prepared under standard conditions) on two 

quadrants. 
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To summarize the numerous tests that were conducted, the data were plotted on a per-quadrant basis 

for each fusion joint that was evaluated. An example plot is displayed in Figure 3 for fusion joint 1218, 

first quadrant. The SBT results are shown across the top in green, yellow, and red. The various NDE and 

visual test results are plotted below the SBT results. Dotted lines indicate marginal test calls. In this 

quadrant, the SBT showed failure over most of the joint. The microwave evaluation performed by Evisive, 

Inc. detected much of the failure region and phased-array evaluations detected some of the failure regions.  

As a general summary of the work conducted previously, pipe samples that were prepared under 

standard, ideal conditions and very poor conditions both contained areas that passed the SBT and failed 

the SBT. Although pipe fabrication using 4710 HDPE may address these fabrication flaws, it does not 

explain the disparity between the DE and NDE data. The microwave technique yielded more responses 

than the ultrasonic techniques, but also had a higher false call rate. The worst fusion joint conditions were 

well detected with ultrasound, but not the more subtle conditions. Both NDE techniques show promise in 

the challenge of volumetrically evaluating butt-fusion joints for lack of fusion, but also show the need for 

more work such as phased array probe optimization for HDPE examination. Visual testing did not reveal 

LOF in the joint, only gross abnormal conditions of the joining process and specifically pressure applied 

during the heat cycle. A combination of NDE methods may be needed to adequately and reliably detect 

LOF conditions.  

 
 

Figure 3 – All NDE and DE data plotted for quadrant 1 from fusion joint 1218 

 

 

CURRENT STUDY 

PNNL continues to study the effectiveness of volumetric examinations of fusion joints in HDPE. Part of 

this study involves building on work currently being conducted at other laboratories to determine the 

critical flaw size in this material. As this study is in process, PNNL is beginning with fundamental 

laboratory experiments to determine the smallest flaw that can be detected under ideal conditions in test 

blocks containing flaws with known sizes and locations. Machined reflectors were placed in three 4710 

HDPE calibration/resolution blocks that were machined from the 4710 HDPE material that is being used 

at the Callaway Nuclear Power Plant. Some of the approximately 100-mm (4-in.) thick pipe material was 

kindly provided to PNNL at the close of the Callaway study and piping installation. The three machined 

test blocks have thicknesses of 25.4, 50.8, and 88.5 mm (1.0, 2.0, and 3.7 in.). Flat-bottom holes (FBHs) 

with diameters of 0.5, 1, 2, and 5 mm (0.020, 0.039, 0.079, and 0.197 in.) were machined into the test 



996 

 

blocks at approximately ¼, ½, and ¾ through-wall depths or thickness (T).  Only the 25.4-mm (1-in.) thick 

piece has been evaluated to date. The drawing for this specimen is shown in Figure 4. 

 

 

EVALUATIONS 

Prior to evaluating the test piece for flaw detection and sizing, material velocity, attenuation, and 

frequency response measurements were made. These fundamental measurements were conducted with 5-

MHz contact probes. Material acoustic velocity was measured at 2.387 to 2.388 mm/µsec (0.092 to 0.094 

in./µsec). Preliminary attenuation measurements showed values of 6.0, 4.6, and 3.3 dB/cm (15.3, 11.8, and 

8.4 dB/in.) at frequencies of 3.1, 1.8, and 1.2 MHz, respectively.  

 

 

Figure 4 – Schematic for the 25.4-mm (1.0-in.) thick test block containing flat bottom holes 

 

For the initial examination, an existing 10-MHz annular immersion PA probe was selected. The 

probe has 16 elements, a 25.42-mm (1.00-in.) diameter, and greater than 70% bandwidth. An annular PA 

probe geometry was selected to allow for focusing at different depths in the HDPE blocks that coincide 

with the tops of the FBHs. A probe frequency of 10 MHz is thought to represent the upper bound on the 

range of frequencies that can be supported in this material. The higher frequency will better resolve small 

flaws and the probe’s large bandwidth will still produce energy at lower and perhaps more useful 

frequencies. Frequency response in this material is still under investigation. The probe’s focal spot size 

(diameter) and focal length at the depths corresponding to the tops of the FBHs were determined from 

beam modeling using ZETEC UltraVision software. The results are listed in Table 1, with sizing reported 

for the −6 dB amplitude levels. Beam modeling predicted a circular spot size and is reported as a diameter. 

Figure 5 displays the output from the beam simulations with a 12.7-mm (0.50-in.) focal depth. The left 

image is a side view (B-scan) and shows the probe focal length while the right image is a top view (C-

scan) showing the beam spot size or diameter at the specified focal depth. The red and blue horizontal and 

vertical lines mark the −6 dB amplitude levels for these data sets.  
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Table 1 – Beam sizing from UltraVision modeling 

 

Focal Depth 

(mm) 

Spot Size 

(mm) 

Focal Length 

(mm) 

Focal Depth 

(in.) 

Spot Size 

(in.) 

Focal 

Length (in.) 

6.35 0.2 2.4 0.25 0.008 0.094 

12.70 0.2 2.9 0.50 0.008 0.114 

19.05 0.4 3.9 0.75 0.016 0.154 

 

  
  

Figure 5 – Focal length, left image, and beam diameter, right image, for a beam focused at 12.7 mm (0.50 

in.) 

 

The test piece was examined with the annular PA probe aligned normal to the front surface of the 

piece. A 30-mm (1.18-in.) water path was set and data acquired over an approximate 50 by 60 mm (1.97 

by 2.36 in.) area with step sizes set to 0.30 mm (0.012 in.). The acquisition software was configured to 

collect five data channels with different focal depths at each channel. The focal depths were: 1) front 

surface, 2) 6.35 mm (0.25 in.), 3) 12.7 mm (0.5 in.), 4) 19.05 mm (0.75 in.), and 5) 25.4 mm (1.00 in.). 

Beyond the front surface, these depths into the HDPE material corresponded to the ¼ T, ½ T, and ¾ T 

flaws and the back surface or full T.  

A C-scan top view of the data acquired with a focal depth of 19.05 mm (0.75 in.) is displayed in 

Figure 6. At this focal depth, the ¼ T flaws in the top row are ideally focused and the small 0.5-mm 

(0.020-in.) diameter hole is barely detected in the upper left. The middle row represents the ½ T flaws and 

the bottom row represents the ¾ T flaws. Signal-to-noise ratios from the three 0.5-mm-diameter holes at 

depths of ¼, ½, and ¾ T are 13, 22, and 25 dB, respectively; this is very good, even for the ¾ T hole. The 

B-scan side view image displayed in Figure 7 shows all four flaws at the three depths. Again, responses 

from the ¼ T flaws are ideally focused; this is evident in the tighter responses from the holes at the bottom 

of the image.  
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Figure 6 – C-scan top view of the FBHs. The horizontal or scan axis represent 60 mm (2.36 in.) and 

the vertical or index axis 50 mm (1.97 in.) 

 

 
 

Figure 7 – B-scan or side view of the FBHs. The horizontal scan axis represents 60 mm (2.36 in.) 

and the vertical or depth axis represents approximately 35 mm (1.38 in.) of material. 

 

The flaws were sized from the C-scan top view images at the appropriate focal depth with results 

displayed in Figure 8 for length sizing in the horizontal (scan axis) and vertical (index axis) directions, top 

and bottom plots, respectively. The sizing results in the horizontal and vertical directions are within one 

pixel of each other, indicating a symmetrical beam as was previously modeled. Furthermore, the two 

larger flaws tended to be marginally undersized while the two smaller flaws were oversized. The data 

show that the lower limit for sizing flaws with the probe focused at 19.05 mm (0.75 in.) is 2 mm (0.079 

in.) while the beams focused at depths of 6.35 and 12.7 mm (0.50 and 0.75 in.) have a lower size limit of 1 

mm (0.039 in.). This indicates a more tightly focused beam at these shallower two focal depths as 

compared to the 19.05-mm (0.75-in.) focus. A similar trend was observed in the modeled data. The 

empirical data, however, suggest a larger beam diameter than was seen in the modeled data by 

Front 

Surface 

Back 

Surface 
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approximately 1 mm (0.039 in.). This is likely attributed to the discrepancy between the theoretical 

frequency of 10 MHz used during the beam simulations and the lower realized frequencies observed 

during measurements. 

Finally, the responses from the series of holes at a specific depth were compared. The 5-mm 

(0.197-in.) diameter hole was used as the reference in each series with the results displayed in Figure 9. In 

this representation, the responses from the 5-mm (0.197-in.) holes occur at 0 dB and the smaller holes at 

the same focal depth have lower responses as expected. The data show that the flaw responses diminish 

with smaller flaws but even more so at the deepest focal length. For example, the responses from the 2-

mm (0.079-in.) diameter holes are within 4 dB of each other at all focal depths, while the response from 

the 0.5-mm (0.020-in.) diameter hole at a 19.05-mm (0.75-in.) focal depth is 10 dB below the responses at 

the shallower two focal depths. This can be attributed to attenuation in the material and a wider beam at 

the deepest focal depth. 

 

 
 

Figure 8 – Horizontal flaw sizing results on top and vertical results on bottom 
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Figure 9 – Flaw amplitude responses at three focal depths 

 

In addition to the amplitude responses of the flaws at the different depths, the frequency responses 

were also measured. A nominal 6.7- to 7.0-MHz signal was recorded at the front surface with the probe 

focus set at the front surface. For the 6.35- and 12.5-mm (0.25- to 0.50-in.) focal depths, the flaw 

responses were in the 2- to 3.5-MHz range and for the 19-mm (0.75-in.) focal depth, the flaw responses 

dropped to the 1.5- to 2-MHz range. This gives a qualitative sense of the attenuation in the material and 

suggests that an upper limit for the nominal probe frequency is 5 to 7 MHz in this 25.4-mm (1.0-in.) thick 

material. 

 

 

FUTURE WORK 

The 50.8-mm and 88.5-mm thick 4710 HDPE test specimens containing machined FBHs will be evaluated 

with the 10-MHz annular immersion probe to further evaluate detection and sizing capabilities in a 

laboratory setting. Next, one or more contact PA probes will be designed through various modeling 

activities for an ideal field-able volumetric examination of this material. Acquisition of data with the 

idealized probe or probes will follow.  

 

 

SUMMARY AND CONCLUSIONS 

Earlier studies conducted at PNNL evaluated ultrasonic, visual, and microwave NDE techniques for 

determining LOF in butt-fusion joints in 3408 HDPE. Destructive testing was performed to attempt to 

validate the joint condition and NDE findings. The results were promising but lacked a clear path forward 

to determining butt-fusion joint integrity. 

This paper presents preliminary findings from the current and ongoing HDPE study. Fundamental 

measurements in 4710 material were initiated to determine the limits on flaw detection and sizing 

capabilities. A 10-MHz annular phased-array probe was shown to detect flaws, as represented by flat-

bottom holes, as small as 0.5 mm (0.020 in.) in diameter at a depth of 19.05 mm (0.75 in.) into the 

material. The minimum length sizing limit was determined to be 2 mm (0.079 in.) at this focal depth. A 

more tightly focused beam at the 12.7- and 6.35-mm (0.50- and 0.25-in.) depths was observed and had a 

minimum length sizing limit of 1 mm (0.039 in.). The probe will be used to establish detection and sizing 

limits on flaws in thicker material, up to a 76.2-mm (3.0-in.) part path. Evaluations of the 25.4-mm (1.0-

in.) thick material suggest probe frequencies should be in 7- to 5-MHz range or lower. Field-able probes 

will be designed, modeled, and evaluated on the calibration specimens. 
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