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Abstract. The growing demand for electricity and the shift to policies for reducing 
CO2 emissions have led to increased efforts to improve the efficiency of coal-fired 
power plants. New developments include the design of modern power plants 
operating at higher steam temperatures. For temperatures of 700°C and above, new 
types of nickel alloys have been studied to evaluate their performance under long-
term operating conditions. Safe and reliable operation requires adequate material 
properties as well as a reliable quality control process. Non-destructive Testing 
(NDT) is an essential part of quality control during the fabrication process, and is 
applied during periodic in-service inspections for early detection of flaws, which 
could lead to failure of a component if undetected. Ultrasonic Testing (UT) is an 
NDT method widely used for in-service inspection of welds. In many cases, 
radiography is not an option due to limited access and/ or component geometry. This 
leaves UT as the only method available for a complete volumetric inspection of the 
weld, including the inner surface. Nickel alloy welds present major challenges for 
UT, caused by the elastic anisotropy of the material in combination with the large, 
elongated grains in the weld. This inhomogeneous, anisotropic structure of the weld 
causes increased scattering and strongly affects ultrasound propagation through the 
weld. As a result, the signal-to-noise ratio for reflections from actual flaws is 
significantly reduced. In this paper, we present results of a study on ultrasonic 
inspection of different nickel alloys and nickel alloy welds and discuss the 
challenges of flaw detection and sizing.  

1 Introduction  

New high-efficiency high-temperature coal power plants are operated under temperatures 
over 700°C. This operating parameter is significantly higher than the previous temperature 
ranges (500 – 600°C) in conventional power plants. Since these operating conditions 
impose a higher demand on the components regarding high-temperature strength and 
corrosion resistance, new materials are being used. Nickel alloys are particularly well-
suited for these applications. 

In order to ensure a safe and efficient operation of the components, new materials 
need to be extensively characterized with respect to their qualities and material behavior 
under stress. Furthermore, manufacturing or testing techniques need to be adapted to the 
specific characteristics of nickel alloys.  
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In comparison to the currently used materials, nickel alloys pose a particular 
challenge for non-destructive testing and particularly ultrasonic testing. Pipelines and 
components made of nickel alloys must in certain cases be manufactured with larger 
thickness (t ≈ 50 mm). Depending on the manufacturing process, the base material can 
already be difficult to test with ultrasonic testing. The grain size of nickel alloys in 
comparison to ferritic or martensitic steels, and also to austenitic Cr-Ni-steels is in many 
cases significantly larger. In ultrasonic testing, this can lead to an increase in wave 
attenuation due to scattering and therefore results in a reduction of the signal-to-noise ratio. 
This is already the case for relatively fine-grained forged parts, but is particularly prevalent 
in cast parts in which coarse and columnar grain structures can develop. Moreover, material 
specific heat treatments (i.e. solution annealing) have a crucial influence on the grain size. 
The complicating factor for ultrasonic testing is that coarse and directionally-oriented 
grains develop during the solidification process. These coarse structures function as an 
additional boundary surfaces. Scattering and reflection phenomena increase. The elastic 
anisotropy of the material influences the ultrasonic propagation on a macroscopic scale 
such as ultrasonic velocity, scattering, sound beam divergence, and the direction of energy 
propagation. These variables are dependent on the relative orientation of the grains and 
angle of incidence, and the wave mode and are therefore influenced by changes in the 
microstructure. Due to these phenomena, the interpretation of the ultrasonic signal is 
complicated, and small defects might not be detected with sufficient signal-to-noise-ratio. 
Differentiating between grain boundaries and interface reflections, or reflections on actual 
defects is significantly more difficult, in particular when additional geometrically caused 
reflections are present (e.g. from an unground root pass). 

The difficulty of ultrasonic testing due to strongly directionally-oriented grains has 
been known for a while and occurs in welds between austenitic Cr-Ni-steels and in 
dissimilar metal welds (DMW) between ferritic and austenitic steels, which are often used 
in nuclear facilities. The weld metal for dissimilar metal welds is made of an austenitic 
stainless steel or a nickel alloy.  

In the past, many investigations were made to improve the assessment of the 
reliability of non-destructive testing. Testing techniques were adapted to the unique 
requirements for each material. The results are highly dependent on the individual qualities 
of the examined welds. A comprehensive overview of the challenges of testing austenitic 
welds can be found in [1].  

Additional challenges are presented with the application of thick components made 
of nickel alloys used in the 700°C power plants. Apart from the material qualities, the 
inspection is further complicated by sectional thicknesses of over 50 mm, the complex 
geometries of the parts, unground root pass, and limited access to the parts due to the 
installation situation. In an already completed project, typical nickel alloys with similar and 
dissimilar welds comprised of the modern materials Alloy 617and Alloy 625 were 
investigated using ultrasonic testing [2]-[4]. In another multi-year research program,  pipes 
with similar welds and dissimilar welds consisting of Alloy 617mod (A617) and Alloy 263 
(A263)were investigated. The pipe-material used for these investigations underwent 
realistic stresses in a test rig in a power plant. Large specimens (length approx. 600 mm) 
were also investigated while undergoing cyclic stresses (LCF tests) in the lab at high 
temperatures (approx. T = 700°C) [5]. The ultrasonic test blocks used for these 
investigations in this study were taken from welded pipes for the above mentioned program 
and from stressed pipe specimens of this research program. 
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2 Test specimens, UT Inspections and Results 

In order to demonstrate the challenges for ultrasonic testing, test specimens were chosen 
with dimensions corresponding to those in the actual power plant. The manufactured test 
blocks represent a selection of materials (A617, A263) and material combinations (similar 
and dissimilar welds) used in future power plants. All the welds were made using the 
Tungsten Inert Gas welding method (TIG or GTAW). The welds differ in the way they 
were carried out (differently performed GTAW, GTAW manually welded). Also the test 
blocks represent welds of different geometries (wide or narrow weld). The following 
compilation in Table 1 gives an overview of the used test blocks: 

 
Table 1: Overview of the used test blocks 

Test block 
Material 
A 

Material 
B 

Position of Notch 
(root side) 

Position of 
side drilled 
hole 

Weld 

V15 A617 A263 
1x base material 
A617, base 
material A263 

3x base 
material A617 
3x in center of 
weld 
3x base 
material A263 

Filler material: A617 
GTAW-Orbital 

3.5 A617 A617 
1x center of weld 
1x base material 

2x in center of 
weld 

Filler material: A617 
GTAW-Orbital 

4.5 A617 A617 
1x center of weld 
1x base material 

2x in center of 
weld 

Filler material: A617 
GTAW-Orbital 

6.5 A617 A617 1x center of weld - 
Filler material: A617 
GTAW - manually welded 

 
All test blocks are made of circumferential welds of pipes representative of a 

realistic thick-walled pipeline having an outer diameter of do = 220 mm and a wall 
thickness of t = 50 mm. Due to the relatively small pipe radius, the specimens had curved 
outer and inner surfaces. All test blocks used in this study have a wall thickness of 50 mm.  

 

 
Fig. 1: DMW test block V15 with side-drilled holes (d = 3mm) in the base material and in the weld 

The dissimilar metal weld (DMW) test block V15 was produced from a 550 mm long 
pipe segment. On both sides of the weld in the base material and in the center of the weld, 
three test reflectors in the form of side-drilled holes (SDH) were manufactured, see 
Figure 1. They are positioned in depths of 7, 22 and 37 mm. Additional test reflectors in the 
form of EDM notches parallel to the weld are located on both sides of weld in the base 
material at the inner surface. They each have a length of l = 20 mm, width w = 0.3 mm, and 
depth t = 2 mm. In order to demonstrate the influence of material properties on the 
testability with ultrasonic testing, multiple reflections at the back wall were recorded using 
different straight-beam probes with center frequencies between 0.5 and 4 MHz. The side-
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drilled holes in the base material and in the weld were manually scanned using a phased 
array sector scan at 2.25 MHz. 

The A617 similar weld test blocks 3.5, 4.5 and 6.5 each have a 2 mm deep and 
20 mm long EDM notch in the center of the weld root. Test blocks 3.5 and 4.5 each contain 
further test reflectors: An EDM notch in the base material and two side-drilled holes in the 
weld with a diameter of approximately d ≈ 2 mm. The test blocks 3.5 and 4.5 were 
cyclically stressed (LCF tests – low cycle fatigue) at a constant temperature of 
approximately 700°C before the test reflectors were made and before the blocks were tested 
with ultrasonic testing. The test blocks V15 and 6.5 had not been previously loaded. The 
ultrasonic testing on these test blocks was carried out using phased array technique with 
longitudinal waves and shear waves at center frequencies ranging from 1 MHz to 
2.25 MHz. In addition, conventional shear wave single-element and dual-element angle 
beam probes were used. The inspections were performed using a mechanized technique 
with a two-axes scanner which ran the probe along the surface. 

2.1 Sound Attenuation in the Base Material (Test Block V15) 

In the base material, the grain size and/or grain size distribution is the deciding property 
influencing the inspectability with ultrasonic testing. The grain sizes in the two base 
material (A617 and A263) parts of test block V15 differ greatly. Due to this, the wave 
attenuation differs significantly.  

 

 
Fig. 2: Echo trains at 2 MHz in base material A263 (left) and A617mod (right) from [6], with: IP – Initial 
pulse, V – gain, BWR – number of back wall reflection, s – sound path, A - amplitude 
 
 This is shown rather clearly in the recorded amplitudes for multiple back-wall 
reflections in Figure 2. The figure shows subsequent back-wall reflections (BWR) using a 
straight-beam probe with a center frequency of 2 MHz. The microstructure of the respective 
base materials A263 (grain size 2 to 2.5 according to DIN EN ISO 643) and A617 (grain 
size -1 to 1) is shown in the metallographic cross-sections supplemented in the image. It 
can already be seen in the first back-wall echo that the amplitude for the coarser A617 is 
reduced by more than 8 dB relative to the A263. This difference in attenuation can similarly 
be seen in the subsequent back-wall reflections as well. For the 2 MHz probe, there is about 
three times more attenuation in the A617’s base material. As is to be expected, the 
attenuation increases with increasing frequencies so much that at 4 MHz the signal-to-noise 
ratio for the first back-wall reflection in A617 is reduced to about 6 dB. The coarse 
microstructure in the A617 has an impact not only on the inspectability of the base material 
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but also on the inspection of the weld. Inspection from the coarse-grained A617 side is very 
limited due to the increased attenuation in the A617 base material. These results 
demonstrate that even in the base material, detectability of defects using ultrasonic testing 
in such pipes can be rather challenging. The detectability will be more difficult for longer 
sound path lengths. Even though the gran size of the A617 pipe was outside the specified 
range, this deviation from specification was accepted. This stresses the importance of 
representative reference blocks for UT inspections and also of applying an attenuation 
correction when transferring the probe from the reference block to the object under 
examination. 

2.2 Overview of the Conducted Ultrasonic Tests 

Every investigated test block was tested using a mechanized system with a two axes-
scanner with conventional shear wave Integral Angle Beam (RTDET) and Dual Element 
Angle Beam (SET) probes with 45° angle of incidence (in steel), a center frequency of 
1 MHz, and with phased array technique with longitudinal waves and shear waves at 1.5 
and 2.25 MHz. The test blocks were scanned in two directions in a comb-shaped scan 
pattern. The ground weld cap allowed for the entire surface to be scanned. A phased array 
probe with a linear array consisting of 16 elements was used. In order to adequately image 
the test reflectors, a sector-scan was set with beam angles ranging from 40° to 70°. Wedges 
and focal laws were chosen for shear waves (TW) and longitudinal waves (LW). The 
results of the 45°, 60°, and 70° phased array scans were more closely analyzed. Table 2 
presents an overview of all evaluated ultrasonic tests where a test reflector (EDM notch or 
SDH) could be localized. The probes with their corresponding angles, frequencies, and type 
of wave for each test block (TB) are listed below. 
  

Table 2: Overview of the Detailed Analyses of the Ultrasonic Tests 

TB V15 3.5 4.5 6.5 

Probe RTDET SE PA PA SE PA SE PA SE PA 
Angle [°] 45 45 45 

60 
70 

45 
60 
70 

45 45 45 45 45 45 

f [MHz] 1.0 1.0 1.5 2.25 1.0 1.5 1.0 1.5 1.0 1.5 

Type of 
Wave 

TW 
- 

TW 
- 

TW 
LW 

TW 
LW 

TW  
- 

- 
LW 

TW  
- 

- 
LW 

TW  
- 

- 
LW 

 

2.3 Ultrasonic Testing of Similar and Dissimilar Weld Test Blocks 

Due to the increased attenuation in the coarse-grained A617 side of test block V15, there is 
a reduced signal-to noise ratio which is seen in the back-wall reflection (see Figure 2) and 
also from the indications of the side-drilled holes. As expected, the difference in attenuation 
is particularly seen for shear waves. The SDH at a depth of 37 mm in the base metal on the 
A617 side cannot be detected with sufficient signal-to-noise ratio, see Figure 3 below. The 
SDH in the base metal on the A263 side are all easily detected. 

The detections of the SDH in the weld produce comparable results. The sound path 
length inside the weld is relatively short because of the narrow weld and the signal-to-noise 
ratio for the indications of the SDH is comparable to those of the base material.  
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Fig. 3: Phased Array sector-scan with 2.25 MHz shear wave in the area of the side-drilled holes (Ø 3 mm) in 
the base material A263 (left) and A617 (right).  
 

  
Fig. 4: B-scan, TB V15 with SE probe at 45°, 1MHz TW (RTD SET 45-1) A-scan, V15_SET451, 

middle of 3 SDH in the 
A263 base material 
 

  
Fig. 5: B-scan, TB V15 with ET-probe at 45°, 1 MHz, TW (RTD 45 ET-1) A-scan, 15_45ET1, 

middle of 3 SDH in the 
A263 base material 
 

  
Fig. 6: B-scan, TK 3.5 with phased array probe at 1.5 MHz, 45° TW (Olympus 
2.25L16-12X2-A1-P-2.5-OM) 

A-scan, 
TK3_5_2L16_T, lower 
of the SDH in the weld 
material 

A617 A617 

A617 A263 

A617 

A263 
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A-scan, 
TK3_5_15L16_L, 
lower of the SDH in 
the weld material  

Fig. 7: B-scan, TB 3.5, phased array with 1.5 MHz, 45°LW (Olympus 1.5L16-
44.8x26-A4-P-2.5-OM)  

 

 
The test reflectors (notches and/or SDH) were detected with significantly lower 

signal-to-noise ratio when scanning through the A617 microstructure because of the above-
described strong attenuation. Because of the large amount of scattering at the grains in the 
base material, frequencies smaller than 1 MHz were preferably evaluated. The signals for 
the test reflectors were mapped better at this low frequency even though higher frequencies 
would usually be preferred to detect small defects (d ≈ 2 mm). For higher frequencies, the 
drastically reduced signal-to-noise-ratio would make the localization of test reflectors much 
more difficult, or even impossible.  

Figure 4 demonstrates that the dual element (SET) probe at 45° angle of incidence 
can detect notches very well in the base material. The 3 mm side-drilled holes could be 
detected very well, particularly in areas close to the surface, since detection of 
backscattering signals is reduced by the separation of the elements by an acoustic barrier in 
the probe. The ultrasonic test is characterized by a good signal-to-noise-ratio. One 
drawback of testing with the SET-probe is that it has a very strictly defined focal point 
which means it is only sensitive in a certain depth range. The best detection and localization 
is achieved for the SDH at a depth of 22 mm. 
  The B-scan in Figure 5 shows very clearly that the EDM notches in the base 
material of test block V15 are best detected using the ET shear wave probe with a 45° angle 
of incidence and a frequency of 1 MHz. The signal-to-noise-ratio is very good, 
demonstrating that shear waves at 1 MHz do not have problems permeating the coarse-
grained nickel material. This disadvantage is compensated by using the strong corner 
reflection for planar defects at the inner surface. The larger side-drilled holes with a 
diameter of 3 mm are also detected very well. 

Figure 6 depicts the B-scan for the 45° angle of the phased array shear wave 
inspection at 1.5 MHz on test block 3.5 with two small SDHs (approx. 2 mm diameter) in 
the weld, as wells as a 2 mm deep notch each in the center of the weld root and in the base 
material. Detection of the SDH in the weld was very difficult using the 45° shear wave at a 
frequency of 1.5 MHz. The signal of the notch in the weld root was very weak. The same 
holds for the notch A617 base material (not depicted). As expected, by using a 45° 
longitudinal wave, the test flaws were significantly more easily localized, see Figure 7. The 
signal-to-noise ratio was very good and the two small-diameter SDHs can be clearly 
distinguished. When using larger longitudinal wave angles, the presence of an 
accompanying shear wave has to be taken into account when interpreting the ultrasonic 
signals. Mode conversions of the accompanying shear wave can also be helpful in detecting 
and analyzing cracks at the inner surface.  

The next step will be the use of dual matrix array probes. Using this type of probe 
will provide the advantages of dual element probes combined with improved optimization 
of the beam focus at different depths for different beam angles, which might lead to 
optimized results for all depth ranges.  

A617 A617 
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3 Conclusion 

The results of the attenuation measurement and the tests on the reference defects in the pipe 
test specimens for dissimilar (V15) and similar (6.5, 4.5, 3.5) metals welds show that 
components made of nickel alloys might have very limited testability even in the base 
material of forged parts. In areas with coarser grains, the attenuation is significantly 
increased. By a depth of 37 mm, the reference defects (SDH with diameter 3 mm) in the 
solution-annealed Alloy 617mod base material could no longer be reliably detected with a 
signal-to-noise ratio of least 6 dB. 

The weld material with its columnar grains at preferred orientations constitutes a 
macroscopically anisotropic, inhomogeneous material and therefore presents additional 
challenges for UT inspection. The test reflectors in the dissimilar welds between A617mod 
and Alloy 263 were difficult to localize. Reference notches with a depth of 2 mm on the 
root side (inner surface) were barely detectable with most of the applied techniques. As 
expected, the small SDHs in the weld with diameters of approximately 2 mm were poorly 
mapped using shear wave inspection but were easily detected using longitudinal waves. 
Using the phased array technique with longitudinal waves and large angles of incidence 
(70°) produced poor results due to the long sound paths in the coarse-grained 
microstructure. 

For inspection of the nickel alloy test blocks, a small test frequency (1 MHz) is 
preferred because of the reduced scattering at the coarse grains. Small SHDs in the weld 
were detectable with longitudinal waves. The SDHs and notches were best located with the 
applied phased array technique with a longitudinal wave at a frequency of 1.5 MHz. 

The results of the investigation on these test blocks emphasize that the use of 
representative reference blocks is mandatory for inspection of actual parts. It was 
demonstrated that depending on reflector type different inspection techniques can produce 
different results. The best result for the flaws in the base metal was provided by the ET- and 
the SET shear wave probes with a 45° angle of incidence. This should be supplemented 
with low frequency longitudinal waves, in particular for the inspection of the welds. 

Compared to actual parts in a power plant, the test blocks in this case were 
relatively easy to test due to their simple geometries and thickness of 50 mm. In the power 
plant, accessibility is an important factor which may present further problems. Depending 
on where and how these parts are situated in the power plant, it may only be possible to 
scan a weld from one side which decreases the reliability of the inspection, particularly 
when the grain structure in the material causes large amounts of attenuation. 

It has been known for a long while that welds in Cr-Ni-steels and nickel alloys 
present a significant challenge to ultrasonic testing and that therefore current standards 
require reference blocks [7]-[8]. In comparison to the materials currently in use in 
conventional power plants, the nickel alloys Alloy 617mod and Alloy 263 exhibit 
considerable differences even in the base material which are relevant for ultrasonic testing. 
The large grain size and their distribution in the base material as well as columnar grains in 
cast parts and welds can present a significant problem for ultrasonic testing. Therefore, use 
of a reference block with geometry and acoustic properties comparable to the actual 
component and with representative test flaws is required for each inspection task. This is 
especially important for components with complex geometries and for one-sided access to 
welds. Because of the complex geometries and material-related complications, a 
mechanized scanning system is highly recommended. It is also recommended that a 
reference measurement be conducted for new parts, so that subsequent test results can be 
more accurately analyzed. This includes recording reference data with the UT techniques to 
be used in future in-service inspections, and also additional inspections at the 
manufacturing stage using other NDT methods, which may not be applicable for in-service 
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inspection (e.g. high-energy radiography) to gain additional information on the as-
manufactured condition of the parts. 
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