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Abstract: When radiographing an austenitic stainless-steel weld with an 
appreciable weld deposit size, selecting low radiographic kilovoltage can 
contribute in producing a radiographic indication that is not an imperfection. The 
contributors to this mottled condition are two-fold; radiographically and 
metallurgically.  
 
Electrons from low kilovoltage can diffract or absorb when penetrating through 
the dendritic grain structure of a weld. The increase in kilovoltage or using 
gamma ray equivalent isotopes produces a marked increase in x-ray output and 
penetration in material.  
 
The selection of the welding process contributes to the dendritic grain formation. 
A larger weld deposition affects the dendritic grain size. The elemental properties 
of an austenitic stainless steel contribute to micro-alloy segregation. The 
combination of the above can create a mottled radiographic indication which may 
deceive radiographers as incomplete fusion or incomplete penetration.    
 
Keywords: austenitic, dendritic, imperfection, indication, interpretation, micro-
alloy segregation, mottled, mottling, stainless-steel, welding process, x-ray 
diffraction, x-ray absorption. 
 
Introduction:  Mottling is discussed in a number of NDT texts. These texts 
address the appearance of mottling and relationship of x-ray kilovoltage as a 
primary means to correct this condition. After reading these texts it’s 
commonplace to conclude that low kilovoltage causes mottling. (Kodak, 1980)   
 
What these texts do not address is that quality radiographs, displaying the proper 
penetrameter holes or IQI wires can occur at lower or higher x-ray kilovoltage 
settings. Therefore, if quality objectives are met, x-ray kilovoltage is a contributor, 
but not the single cause of a mottled image. 
  
Under certain conditions, the combination of metallurgical and radiographic 
physics jointly create the cause of a mottled image.   
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Figure 1 – Digital Radiograph using an x-ray machine 
 
Scrutinize the image in the above digital radiograph (DR). This DR is a 
longitudinal austenitic stainless-steel weld, approximately ½ inch thick. The 
surfaces of the weld were mechanically worked to be flush.  
 
Habitually, radiographers may disposition this image as having either incomplete 
(lack of) weld penetration or incomplete (lack of) fusion.  
 

1. Incomplete penetration (IP/LOP) – incomplete penetration occurs when 
the weld metal fails to penetrate the joint. It is one of the most 
objectionable weld discontinuities. Lack of penetration allows a natural 
stress riser from which a crack may propagate. The appearance on a 
radiograph is a dark area with well-defined straight edges that follow the 
land or root face down the center of the weldment. See Figure 2 

 

 
 

Figure 2 – Incomplete Weld Penetration  
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2. Incomplete, fusion (IF/LOF) is a condition where the weld filler material 
does not properly fuse with the base metal. Appearance on a radiograph 
usually appears as an intermittent dark line or lines oriented in the 
direction of the weld seam along the weld prep or joining weld stringers. 
(NDT Resource Center, 2009). 

 
Figure 3 – Incomplete Weld Fusion 

 
We disposition radiographs implementing industry Codes and Standards. Here 
we’ll use the ASME Boiler and Pressure Vessel Code (Code), Section III and 
treat the image as a Class 1 NB weld. (ASME III: 1995-2007)  
 
Subsection NB-5320 of the Code establishes the radiographic acceptance 
standards. 
 
NB-5320 states, “Indications shown on the radiographs of welds and 
characterized as imperfections are unacceptable under the following 
conditions:….”  
 
Section V, Mandatory Appendix I of the Code provides definitions of these terms.  
 

• Indications: “the response or evidence from a nondestructive examination 
that requires interpretation to determine relevance.” 

• Interpretation: “the determination of whether indications are relevant or 
nonrelevant.” 

• Imperfection: “a departure of a quality characteristic from its intended 
condition.” (ASME V: 1995-2007) 

 
To implement these acceptance standards, radiographers must use an 
interpretation process to assess relevant indications and imperfections. 
 
Ways of challenging indication relevancy 
 
If you think the indication may be an imperfection, here’s three ways to prove if 
it’s an imperfection (weld flaw). 
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1. Re-radiographing the weld by re-angulating: 
 
Figure 4 shows how the Figure 1 weld was originally exposed. 

 
Figure 4 – Typical centerline RT Shot  

 
If we radiograph a weld normal (0 degrees) and see questionable indications 
consider re-radiographing the weld by moving the part at a different angle. This is 
a way of challenging indication relevancy as a potential weld imperfection. See 
Figure 5. 
 

 
Figure 5 Re-shooting weld by angulating weld 

 
An imperfection observed at 0 degrees will still be observed for example at 10 
degrees with slight dimensional changes. However non-relevant indications 
observed at 0 degrees will abruptly change or partially (or totally) disappear.  
(Metals Handbook, 1976) 
  

2. Re-radiographing the weld with a different radiographic source: 
 
Another technique to challenge indication relevancy is changing the RT source 
from x-ray (machine generated) to a radioisotope source. 
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Figure 6 – Re-shot of Figure 1 using Iridium-192 
 
Figure 6 is a re-shot of Figure 1 using Iridium 192. In both illustrations, the 1B 
ASTM 11 image quality indicator (IQI) wire required by Code is observed as it 
substantiates the quality of the radiographic image.  However, the indication 
observed in Figure 1 no longer exists in Figure 6. 
 

3. Interpreting indications by using another NDT method. 
 
Another method used in determining radiographic indication relevancy is to 
employ a different volumetric NDT examination.  
 
We ultrasonically examined the Figure 1 weld, using straight beam and shear 
wave techniques that met Code requirements. 
 
The straight beam examination produced no response equal to or greater than 
the established calibration reference level (CRS) amplitude. When shear wave 
scanning the Figure 1 weld, we observed responses near the Distance Amplitude 
Curve (DAC) half leg and full leg. We additionally examined the welds from the 
back side of the plate and obtained the same response. 
 
This response was expected due to the dendritic grain weld structure and not 
indicative of any weld indication / imperfection. There were no indications 
observed in the weld equal to or greater than DAC. (EPRI, 9/2003) 
 
Relevant imperfections (weld flaws), do not disappear when either re-
angulating a shot, re-shooting using a different radiographic source or 
verifying using a different volumetric NDT method. 
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While these NDT techniques assist in determining imperfection relevancy, the 
radiographer needs to have a “questioning attitude” when seeing subjective 
indications.  
 
Background questions to consider  
 

1. What was the welding process used in making the Figure 1 weld?  
 
The weld is a two pass Submerged Arc Weld (SAW). One pass made from each 
side. Figure 8 provides a cross-sectional view of a SAW weld.  The weld process 
was selected due to the favorable weld quality and deposition rate.  
 
Considering this, we can rule out the incomplete (lack of) fusion imperfection, as 
the RT indication appears to be running in the center of the weld and the weld 
process is not multi-pass on each side. The incomplete (lack of) penetration 
imperfection could exist; however, there are no sharp edges to the Figure 1 
imperfection.  
 
When the Figure 1 weld was re-shot using Iridium-192, the weld indication 
disappeared. If either incomplete (lack of) penetration or incomplete (lack of) 
fusion existed, it would not disappear.  
 
When performing the shear wave ultrasonic examination to determine relevancy, 
the expectation of seeing a flaw located approximately half-way between the half-
leg and full-leg DAC points which would support possible incomplete (lack of) 
penetration, did not occur. 
 

2. Why is there a difference between Figures 1 and 6 when changing the 
energy levels (Kev)?  

 
In X-radiography, the combination of kilovoltage and milliamperage provides the 
electrons traveling through the weld. The plane(s) of the dendritic columnar and 
equiaxed grain structure diffracts and absorbs a portion of the electrons. See 
Figure 7. 
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Figure 7 – SAW Weld cross-section and overhead sketch showing Columnar and 
Equiaxed Dendritic structures 

 
It is a property of all materials not only to absorb and transmit x-rays in varying 
degrees, but also to scatter them somewhat diffracted by grain boundaries – as 
radiation of longer wavelength in all directions. (Wantanabe, et., al, 1988)  
 
The lower the kilovoltage (Kev), the weaker the electrons, the stronger the 
possibility of x-ray diffraction and x-ray absorption. Figure 1 was shot using 230 
Kev. Conversely, Iridium -192 used in Figure 6 has an equivalency of 316 to 613 
Kev. (Mintern, 1959)  
 
The application of Kev is a contributor, but NOT the cause of the mottled images 
as both radiographic techniques met Code IQI quality requirements. The 
questionable indications observed disappeared with Ir-192. Therefore, the cause 
of the images starts with the structure of the weld. It is important to understand 
the weld geometry and chemistry. 
 

3. Does the shape of the weld, or chemistry of the weld affect the 
radiograph? 

 
Discussion on austenitic weld metallurgy 
 
Metals are alloys consisting of various elements. Alloying elements have different 
material densities and different melting/freezing points. Austenitic stainless steels 
may have up to 18 elements. During alloy solidification, micro-segregation occurs 
as a result of the differences in melting/freezing temperatures of the elements.  
Certain elements with relatively high concentrations, e.g., (chromium in austenitic 
stainless steels) may microscopically coagulate. This coagulation creates what 
radiographers call a “grainy” radiograph. However, micro alloy segregation 
contributes in creating a mottled radiographic condition.  
 
Dendrites in metals are the crystals that form in the liquid during freezing which 
generally follow a pattern consisting of a main branch with many appendages. A 
crystal with this morphology slightly resembles a pine tree and is called a 
dendrite, which means branching. The formation of 
dendrites occurs because crystals grow in defined 
planes due to the crystal lattice they create, with 
freezing occurring from the base metal into the weld 
center. Secondary dendrite arms branch off the primary 
arm, and tertiary arms off the secondary arms, etcetera. 
This is the main contributor are causing a mottled 
radiographic image. (Metals Handbook, 1983) 

Figure 8 Dendritic      
Grain Structure      
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The combination of relatively low kilovoltage (Kev) during the 
DRT X-ray process, along with the dendritic grain (columnar and 
equiaxed) structure creates the occurrence of x-ray diffraction 
and x-ray absorption, that contributes in making a mottled 
radiograph.  
 
Mottled Image Results 
 
Mottling (Mottled Images) - Mottling results in a light spot on the radiograph 
corresponding to the position of the crystal, it may also produce a dark spot in 
another location if the diffracted, or reflected beam strikes the film or detectors. 
Should this beam strike the film or detectors beneath the thickness of the weld, 
the dark spot may be mistaken for a void. (Nondestructive Testing Handbook, 1985).  
 
The x-ray film or detectors receive the electrons and create a mottled pattern. 
When the weld grain size is large enough to be an appreciable fraction of the part 
thickness the chance of a mottled image increases. (Kodak, 1980)  
 
Welding processes and weld geometry influences the size of the grain structure. 
Figure 7 provides a cross-sectional view of a ½” austenitic stainless-steel SAW 
weld (welded from both sides). The SAW process produces efficient, high quality, 
structurally acceptable welds. The grain structure is significantly different than the 
crystalline structure of the base material or the structure of a multi pass GTAW + 
SMAW weld. 
 
Figure 9 is a conventional ½” austenitic stainless-steel weld using the Gas 
Tungsten Arc Welding (GTAW), and/or Shielded Metal Arc Welding (SMAW) 
processes. RT mottling will not be as pronounced because of the overlap of the 
weld stringers and dendritic grain structures. 
  

 
Figure 9 – multi weld process weld – ½ “ stainless-steel 

Figure 9 – Multi Process Weld Cross Section (GTAW + SMAW) 
 
Figures 7 and 9 show the differences in grain size and structure of the weld and 
base material. The grain pattern of the welds are dendritic columnar and 
equiaxed shaped, while the base material has a more homogenous, randomly 
oriented grain size.  
  
ASME Code Interpretation III-1-83-88 addresses radiographic mottling due to x-
ray diffraction. For convenience, the interpretation is included below: 
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ASME Code Interpretation on Mottling 

 
Interpretation Reply (1) states that for ASME III applications, Mottling is NOT an 
imperfection or a weld flaw.  
 
CONCLUSION: 
 
Mottled images in welds are non-relevant indications and not imperfections. 
Mottling is not a reason to reject a weld. When radiographing austenitic stainless-
steel welds, the chance for having a mottled image is influenced by the welding 
process used and possible occurrences of micro alloy segregation. Mottling is the 
result of X-ray diffraction and X-ray absorption occurring because of a relatively 
low kilovoltage (Kev) used while attempting to penetrate through a dendritic grain 
structure with a grain size large enough to be an appreciable fraction of the part 
thickness.  
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