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ABSTRACT 
It has been recognized that efficient and high-quality welding processes are key to the economical 

development and safety of new advanced and operational nuclear reactors. Incorporation of nondestructive 

sensing technologies into welding process to provide near-real time diagnostics and control to join metal 

components reliably at high speeds can significantly enhance the productivity and quality. However, these 

expectations have remained largely unfulfilled at least from an industry perspective. This presentation 

will discuss the need and application associated with near-real time NDE for welding in the nuclear 

industry. Several complementary conventional and advanced NDE methods are being considered and 

investigated to identify the most effective method for flaw detection during welding that can be easily 

adapted to support field installation of new welds and repair/mitigation of existing welds. Some of 

the preliminary results obtained during the testing will be presented to show technical issues and 

challenges related to near-real time NDE for welding and future purposed work will be briefly discussed. 
 
 

INTRODUCTION 
It has been recognized that efficient and high-quality welding processes are essential to the economical 

development and safety of new advanced and operational nuclear reactors [1-2]. Currently volumetric 

nondestructive material evaluation (NDE) methods are only required to be conducted at the final stage of 

welding to detect fabrication flaws per American Society of Mechanical Engineers (ASME) Boiler and 

Pressure Vessel Code Sections III and XI. Subsequently, these flaws may require removal by through- 

wall repairs of butt welds at multiple locations. This process could potentially generate significant 

residual stress, which in turn leads to detrimental in-service flaws, such as primary water stress corrosion 

cracking (PWSCC) of Alloy 600 nozzles and penetration locations in pressurized water reactor (PWR). 

Therefore, there is thought to be a significant potential for increasing the performance requirement and 

enhancing product quality if an online NDE system is able to detect such flaws during welding, thereby 

reliably assessing weld quality automatically and allowing an opportunity to take real-time counter 

measures for avoiding potential defects. However, for one reason or another, these expectations have 

remained largely unfulfilled at least from an industry perspective. As a result, EPRI has initiated this 

study to investigate and develop advanced nondestructive technologies and systems to detect flaws during 

welding. 

After a brief survey, it was decided to focus current research work on dissimilar metal welds 

(DMWs) for new plant construction since the integrity and quality of these welds in critical systems and 

structures are essential to ensure the safety of nuclear steam supply system and weld overlays (WOL) for 

the operating fleet. It is expected that the next generation nuclear reactors will have a design operational 

life of 60+ years. Online near-real time NDE in conjunction with reliable welding processes can certainly 

help achieve this life goal with high quality and reliable welds at affordable fabrication and sustainment 

cost. PWSCC of Alloy 600 nozzles and penetration locations has become increasingly challenging to 

maintain the integrity of primary system pressure boundary of currently operational PWRs [3]. In these 

critical structural components, dissimilar metal welds (DMW), e.g., 82/182, are used to join low alloy 

steel vessels to stainless steel pipes in various critical components such as steam generators, reactor 

coolant pumps and pressurizers. As an example, Figure 1 shows the typical locations of alloy 82/182 butt 

welds in Westinghouse design plants and a schematic of a DMW [3]. The utility industry has applied 

corrosion-resistant high-nickel welding alloy (e.g., 52) as weld overlay to DMWs with detected PWSCC 

to restore needed structural integrity or as a mitigation method. Figure 2 shows typical weld overlay 

(WOL) on a pressurizer nozzle. 
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Figure 1. Typical locations of DMW in Westinghouse design plants (left) a schematic of DMW 

(right) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. A typical schematic of WOL on a pressurizer nozzle 

 
The welding processes of interest identified in this study are gas tungsten arc welding (GTAW), gas 

metal arc welding (GMAW) and laser-hybrid welding. GTAW and GMAW are currently the work horse 

to fabricate nuclear components in the nuclear industry, whereas the latter (hybrid-laser welding) becomes 

attractive to the industry with its advantage of fabricating thicker welds with less filler material and 

higher production rates. Though these welding processes are inherently different in terms of performance 

and principle, it is expected that near-real time NDE methods being developed do not present significantly 

different application requirements. As a result, GTAW process is selected as the main welding technique 

for sample fabrication and on-line NDE inspection. 

Welding is a dynamic and challenging manufacturing process; probably one of the most difficult 

processes, since its ultimate production and service quality is dependent on a series of factors. Different 

sensing technologies have been developed to monitor and control different factors. In general, the 

technologies for online welding quality monitoring can be categorized into two different approaches, 

namely real time welding process monitoring and near-real time NDE for welding [4]. The technologies 

used in real time welding process monitoring include arc data (voltage, current, arc length and feed rate) 

monitoring, arc light monitoring, arc sound monitoring, optical imaging, etc. The advantage of monitoring 

these welding process is that it enables assessment of welding quality in real-time and provides an 

opportunity to take real-time actions based on process data and surface condition to avoid some 

potential defects. However the main drawback of these welding process monitoring techniques is the 

lack of ability to reliably detect surface and subsurface material discontinuities and flaws in welds 

such as lack of fusion, lack of penetration and delamination. On the other hand, NDE methods such as x- 
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ray, ultrasonic and eddy current are well known to reliably detect fabrication flaws in welding. However, 

in spite of this advantage, these NDE methods have not been successfully applied in conjunction with 

welding to assess welding quality in a near-real time manner because of the inherently high surface 

temperature, production rate of welds, material behavior at elevated temperature, concern of radiation, 

environment noise and so on associated with weld processes [1, 4].  Because of the complexity of the 

application at hand, EPRI has decided to adapt a synergic approach to use different NDE methods to 

perform volumetric, subsurface and surface examination of material discontinuities and flaws with 

minimum interference to welding process. Further, EPRI will conduct NDE inspection in a near-real time 

between successive weld passes, in light of NDE sensor performance at elevated temperature and related 

technical issues. In short, from a practice perspective, the desirable NDE methods should have the 

following characteristics: 

� Currently demonstrated in lab and/or industry environments for surface and subsurface defects; 

� Directly applicable to power plant structural materials and utilized welding process; 

� Deployable in a non-contacting mode for high speed scanning; 

� Easy adaptation to high temperature environment (>200°C). 
 
 

NDE METHODS AND INSPECTION RESULTS 
As a starting point, a series of complementary, conventional and advanced NDE methods are being 

considered and investigated to identify the most effective method for flaw detection during welding that 

can be easily adapted to support field installation of new welds and repair/mitigation of existing welds. 

These NDE methods being tested in this study include electromagnetic acoustic transducer (EMAT), 

general remote field eddy current (GRFEC), eddy current and alternating current field measurement 

(ACFM), since all of them are able to be deployed in a non-contacting mode with ease adaptation to high 

temperature environment and have been found very useful in other applications. A brief introduction to 

some technologies being tested, e.g., EMAT, RFEC and eddy current, and some of their preliminary 

results will be presented below to show technical issues and challenges related to near-real time NDE of 

welding. 
 
 

Electromagnetic acoustic transducer (EMAT) 

 
It is postulated that electromagnetic acoustic transducer (EMAT) is one of the most appropriate candidates 

for near-real time NDE for  welding because it is able to generate specific wave modes sensitive to 

surface and subsurface defects and does not require a couplant, namely ease of high- temperature 

inspection and high speed scanning. However there are inherent weaknesses of EMAT for this 

particular application, including low sensitivity, requirement of special electronics, material dependence, 

spurious signal from weld surface roughness and complex weld bevel geometry, among others [5]. As 

a result, there is a need to conduct a study to evaluate and develop EMAT techniques to determine the 

feasibility and capability to detect flaw initiation during welding. 

A series of samples with controlled defects were made to test EMATs with respect to a number of 

key technical parameters, including wave mode, inspection mode, inspection frequency, surface 

roughness, geometry, instrument setup, etc. Figure 3 shows photos of a top view of Sample S6, along 

with cross sectional view of other samples and a schematic of these samples. These sample butt welds 

were made of 304 stainless steel plate and ER 308 filler material. The number of weld passes increased 

with sample number, with Sample 6 being completely welded after multiple passes. Various surface and 

subsurface EDM notches were machined into these samples. Samples S1 and S2 have three subsurface 

EDMs with length of 12mm, 25mm and 36mm, respectively and height of 1 mm. Samples S3-S6 only 

have surface breaking EDMs with the same dimension as S1 and S2. Our preliminary testing of EMATs 

has found that it was rather difficult to interpret ultrasonic signals using horizontal shear wave and guided 

wave, but has shown that the use of Rayleigh-wave in a pitch-catch mode across the welds made data 

analysis easier. As a result, our subsequent study has focused on the evaluation and development of pitch- 
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catch Rayleigh wave EMAT techniques for near-real time NDE for welding. For brevity, only surface 

Rayleigh wave results are reported and discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Photos of Samples 1, 2, 3, 4, 6 and schematic of cross section 

 
Figure 4 shows photos of experimental setup, pitch-catch EMAT probe scanning direction and 

surface wave transmission direction, respectively. Data was collected on the sample over multiple 

frequencies ranging from 410 kHz to 1 MHz. As an example, Figure 5 shows some transmit and receive 

Rayleigh wave EMAT coils used in this study. The wavelength and thus the penetration depth ranged 

from approximately 3 mm to 7.5 mm for these frequencies. The gray colored tape is a wear surface to 

protect the coils during scanning. The black plastic “cubes” are filters and impedance matching networks 

for use with the EMAT systems. The EMAT sensors were scanned along the axis of the weld and the 

separation distance between coils was kept fixed and optimized to minimize multiple reflections from side 

walls. A screen shot of a typical RF waveform is shown in Figure 6 with the green box indicating the 

gated region of the first arriving Rayleigh wave. By monitoring the amplitude of this signal we were able 

to characterize and locate the EMD notches in these samples. 

 

 
Figure 4. Photos of experimental setup 
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Figure 5. Photos of EMAT transmit and receive coils 

 

 
 

Figure 6. Screen shot of a typical RF signal of the surface wave travelling along the plate 
 
Figure 7 shows amplitude data of the gated first arriving RF signal along Sample 6 for six scans 

(transmitting coil was placed on each side of the sample three times respectively) at four different 

frequencies. The blue line is the average of the six scans and the error bars are the standard deviation of 

these scans. The red lines indicate the locations and dimensions of the EDM notches. Only surface- 

breaking EDM notches simulating lack of fusion were inserted into welds of Sample 6 along the side 

wall. The amplitude dropped preciously as the EMAT moved over the EDM notches indicating that the 

EDM notch is effectively blocking the surface wave from reaching the receiving transducer. The dip near 

15 cm along the scanned region is smaller due to the shorter length of the EDM notch in this region. In 

general, at higher frequencies, the difference between the low amplitude and high amplitude was larger 

due to an increasing amount of energy being blocked as the wavelength decreased. The 1 MHz data has 

the greatest variability between each scan and thus the larger error bars, most likely due to the increased 

sensitivity to the surface roughness of the weld. Considering the balance between inspection sensitivity 

and penetration depth, it was decided to perform all subsequent measurements using the 675 kHz coils.  

In order to further assess EMAT capability for near-real time NDE for welding with respect to 

sensitivity, repeatability, reliability and scanning speed, EPRI performed measurements between weld 

passes on a butt weld made of two 1’×3’×0.625” 304 stainless steel plates in a welding shop. Figure 8 

shows a picture of the sample used for in-situ testing and locations of welds with various conditions. 

Several areas encircled by the red oval on the top figure are labeled as “good”, “bad” , and “ugly” to 

indicate the quality of the weld, where the “good” region was completely fused, the “bad” region has 

some region with lack of fusion and the ‘ugly” region had large regions with lack of fusion between the 

weld and base material. Figure 9 shows the photos of EMATs when they were scanning along the plate. 
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Figure 7. Amplitude of the gated RF signal along Sample 6 at four different frequencies 

 

 

 
 

Figure 8. Plate used for in-situ testing (top) and welds of different conditions (bottom) 
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Figure 9. Photos showing EMATS as they were scanned along the plate 

 

The initial measurements in Figure 10 clearly show the good region in the region between 23 to 28 

cm, with the bad and ugly regions a bit less conclusive. The small good region near the 4 cm region was 

difficult to indentify due the multiple reflections and close proximity to the edge of the plate. Then a good 

pass from 28cm to 56 cm was made to determine if the ugly region was detectable under a good weld. 

Figure 11 clearly shows the bad and ugly regions were clearly distinguished from the good regions near 25 

cm, even after a good weld was placed over the initial “ugly” weld. 

 

 

 

 

Figure 10. Amplitude scans of weld prior to additional welding 
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Figure 11. Amplitude scan of the same region as in Figure 10 to add a good weld pass starting at 28 cm 
 

General remote field eddy current (GRFEC) 

It was recently reported that GRFEC can be applied to inspect parts with different geometries from the 

exterior surface, some of which have been recently developed for aerospace applications, primarily for 

detection of deeply hidden cracks and corrosion in thick multilayer nonferrous structures. Previous 

research work has shown that RFEC is able to provide deep penetration as well as high sensitivity 

properties and low noise, in comparison with conventional eddy current [6]. Figure 12 shows a schematic 

drawing of such a RFEC probe. If two coils, a drive coil and a pickup coil, are placed on the top of a 

conductive object of flat geometries, the majority of the energy released from the drive coil goes along the 

top surface of the object directly to the pickup coil. There will be almost no any GRFEC effect. The 

signal measured from the pickup coil has basically no relation to the conditions of the lower portion of the 

wall.  With magnetic shields and a special designed magnetic-circuit, the direct coupling path has been 

essentially blocked and the energy released from the drive coil is forced to go downward into the object 

wall. Then, a portion of the penetrated energy goes back to the top surface at the pickup coil location, 

which are closely related to the part thru-wall conditions, including thickness, conductivity, and 

permeability. Figure 13 shows the RFEC signals of a welding crack in a 26 mm thick stainless steel plate. 

This crack is located at the root pass of the weld, approximately 24 mm to the top surface of this stainless 

steel plate. The data in Figure 13 was obtained with a RFEC sliding probe of 35.6 × 76.5mm footprint, 

when this probe was scanned over a 4.5-mm-thick Plexiglas panel used to assist the scanning. This 

illustrates that this RFEC technique is less sensitive to lift-off as compared to conventional eddy current 

techniques, which could be further exploited for near-real time NDE for welding. 

 

 

 

 

 

 

 

 

 

Figure 12. Schematic of an RFEC probe inspecting objects of flat geometries 
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Figure 13. A stainless steel specimen with a fabrication flaw, experimental set up and results 
 
As shown in Figure 2, the wall thickness of the pipe is much larger than the thickness of the sample 

tested by GRFEC, therefore, further test is being arranged to quantify its insensitivity to liftoff with 

respect to flaw sizes to have a better understanding of its capability with respect to near-real time NDE for 

DMW. In addition, the second task of future work is to explore GRFEC for inspection of WOL which is 

made of different materials and has different geometry and characteristic flaws. 
 

Eddy current testing (ECT) 

ECT technique has been historically used to detect surface and subsurface flaws in various components, 

such as steam generator tubes, fastener holes, etc., which normally have smooth inspection surface.  With 

advances in electronics and technology, ECT has been used to inspect defects in welds using probes less 

sensitive to surface roughness and material property variation, such as plus point probe [7].The probe has 

a pair of orthogonal circular coils with axes parallel to the surface.  The plus point sensors were connected 

to MS5800 and mounted on a XY scanner.  A notebook computer was connected to MS5800 to control 

the equipment, collect data and conduct data. Figure 14 shows the locations of subsurface flaws and scan 

area of Sample S1. Screen shots (C-scan and isometric view data) at 400 kHz with probe normal to 

surface and probe tilted at 25° with respect to cap surface are shown in Figure 14.  Due to the weld bevel 

geometry, only few scans were acquired.  Except for surface roughness, irregularities and arc strikes on 

bead wall, no other flaw indications were detected. The cap area of Sample S3 and S4 with locations of 

surface breaking flaws and scan areas is shown in Figure 15. Screenshots at 400 kHz are also shown in 

Figure 15. All six surface breaking flaws (three on each sample) are clearly visible and detectable. 

 

Figure 14. Eddy current inspection of sample S1 using single plus point probe 
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Figure 15. Eddy current inspection of Sample S3 (left) and S4 (right) using single plus point probe 

 
 

SUMMARY 
EPRI has conducted a preliminary study to investigate several potential NDE techniques using a number 

of weld samples with controlled weld geometries and defects, and realistic flaws in a shop welding 

environment. This study has lead to an improved understanding of the technical capabilities and 

limitations of these techniques, as far as near-real time NDE for welding is concerned. The results of this 

study have demonstrated the potential to use EMAT for near-real time NDE for welding. A series of 

technical issues: including inspection sensitivity, EMAT stability at high temperature, inspection 

configuration and optimized inspection parameters, remain to be further evaluated. This requires further 

investigation with scientific rigor to establish its true potential for this particular application. Though 

GRFEC is able to provide deeper penetration capability than conventional techniques, further work is 

needed to further assess GFREC to determine principal inspection specifications, e.g., lift-off tolerance, 

sensitivity, selectivity and accuracy. ECT has demonstrated its capabilities in detecting and imaging 

surface-breaking lack of side wall fusion (LOF) flaws in austenitic welds, but optimization of ECT sensor 

techniques is needed to adapt them for field work with required speed, robustness and reliability and to 

further improve their sensitivity to subsurface defects. 
 
 

REFERENCES 
1) C. I. Nichol, D. P. Pace, E. D. Larsen, T. R. McJunkin, D. E. Clark, M. L. Clark, K. L. Skinner, A. 

D.Watkins, and H. B. Smartt, “Yucca mountain waste package closure system robotic welding and 

inspection system," Nuclear Technology, 2001 176 (1) 138-46. 

2) Light Water Reactor Sustainability Program-Integrated Program Plan, Dpt of Energy, Jan. 2012. 

3) Material Reliability Program: Primary System Piping Butt Weld Inspection and Evaluation Guideline 

(MRP-139, Revision 1), EPRI, 2008. 

4) YuMing Z, Real-Time Weld process Monitoring, Cambridge, Woodhead, 2008. 
5) Masahiko H, Hirotsugu O, Emats for Science and Industry: Noncontacting Ultrasonic Measurements 

Norwell Kluwer Academic Publishers, 2003. 

6) Yushi S, Changhong S, Haiou Z, Tianhe O, Xinle Y and Weiqiang W, “Application of motorized 

rotational RFEC probe in thick and multiplayer structure crack detection”, 34th Annual Review of 

Progress in Quantitative Nondestructive Evaluation, New York, AIP, 2007. 

7) Nondestructive Testing Handbook, Vol. 4: Electromagnetic Testing, Second edition. American 

Society for Nondestructive Testing, London, 1986. 


