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Executive Summary 

Service-experienced coating specimens from the contain-
ment of several nuclear stations (“plant specimens”) were 
sent to the Savannah River Technology Center (SRTC) 
for evaluation under the program to investigate coating 
degradation and failure.1   These coating specimens 
included coating chips that had become disbonded during 
normal plant operation, and intact coating specimens that 
were sectioned from steel components in the containment.  
These specimens were evaluated by several 
characterization techniques to provide structural and 
chemical information. 

The coating specimens were evaluated in both the as-
received (service-experienced) condition and following 
irradiation-aging and simulated DBA-LOCA conditions.  
The following conclusions can be drawn from the results 
of the tests and characterizations. 

Coating Chip Specimens: 

• The coating chips had failed within the inorganic zinc 
(IOZ) layer.  A non-uniform distribution of the ethyl 
silicate binder was observed and most likely caused 
poor adhesion within the IOZ.  The failure is attributed 
to improper application, rather than in-service 
environmental degradation. 

                                                 
1 The NRC commissioned SRTC to investigate the 
potential for degradation and failure of NPP coating 
systems due to the concerns raised in NRC generic letter 
98-04 dated July 14, 1998.  The principle approach in the 
research program was to evaluate laboratory specimens 
prepared in accordance with appropriate ASTM standards 
[ref. WSRC-TR-2001-00067].  The plant specimens were 
to be evaluated to verify the results and conclusions from 
the accelerated aging of the laboratory specimens. 

• The coating chips had a topcoat layer and a layer of 
IOZ.  Exposure of the two-layer chip to simulated 
DBA-LOCA conditions resulted in extreme curling of 
the initially flat chip.  The curling is explained by 
differential expansion/contraction between the two 
layers of the chip. 

Intact Coating Specimens: 

• The intact coating specimens, sectioned from plates 
and handrails from two plants, were tested in the as-
received condition.  The coatings were sound and 
strongly adhered following exposure to simulated 
DBA-LOCA conditions.  The as-received condition of 
these materials was 10 to 20 years of normal operation 
service. 

• The intact coating specimens were also tested 
following irradiation-aging to 109 rad (at 106 rad/hr at 
120°F).  Severe blistering and the formation of 
particulate debris were observed when these specimens 
were exposed to simulated DBA-LOCA conditions.  
This behavior is similar to that observed in similar, 
recently-applied coatings on laboratory specimens, 
albeit the depth of topcoat damage in these plant 
specimens was greater than the laboratory specimens 
(~ 12 mils vis-à-vis ~ 2 mils).    
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1.0  Introduction 

Nuclear power plants (NPPs) must ensure that the 
emergency core cooling system (ECCS) or safety-related 
containment spray system (CSS) remains capable of 
performing its design safety function throughout the life of 
the plant.  This requires ensuring that long-term core 
cooling can be maintained following a postulated loss-of-
coolant accident (LOCA).  Adequate safety operation can 
be impaired if the protective coatings which have been 
applied to the concrete and steel structures within the 
primary containment fail, producing transportable debris 
which could then accumulate on BWR ECCS suction 
strainers or PWR ECCS sump debris screens located within 
the containment.    

Service Level I coatings were used on the interior contain-
ment steel shells, concrete walls and floors, and other 
structures, thereby providing environmental protection to 
these substrates and facilitating decontamination, as 
necessary.  The coatings were applied during plant 
construction, and the assumption has been that properly 
selected and applied “qualified” coatings would not fail 
during the normal plant design life (i.e., 40 years) plus 
exposure to a DBA-LOCA, except for minor local damage 
due to mechanical impact or cleaning chemicals.  However, 
there is clear evidence for failure of qualified coatings 
during plant design life.  These failures raised questions 
regarding the ability of aged coatings to remain attached 
during accident conditions, and additionally, regarding the 
characteristics of any debris which might form as a result of 
these conditions.  These questions were the basis for the 

Nuclear Regulatory Commission Office of Nuclear 
Regulatory Research, Division of Engineering Technology, 
initiating a program through the Savannah River 
Technology Center (SRTC) to research the properties and 
performance of aged Service Level I coatings 
(Reference 1).   

The logic diagram for the SRTC program, shown in 
Figure 1, has included the following key areas of 
investigation, among others: 

• Determination of the thermal, mechanical, and physical 
properties of the coating systems commonly used in the 
nuclear industry,  

• Development of mathematical models to hypothesize the 
performance of the coating systems under the thermal 
and mechanical stresses which would be induced during 
large-break loss-of-coolant accident conditions, and  

• Duplication of original coating qualification tests on 
recently applied, artificially-aged, and plant-aged 
specimens.  

Several documents describing the progress of this research 
have been published previously, and are available to the 
public from the NRC (References 2, 3, and 4).  Those 
reports addressed the investigation of artificially-aged 
specimens, exclusively.  This document will present the 
data collected during the investigation of coating specimens 
from plants.
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Figure 1-1.  Task Logic Diagram for SRTC Project 

Sections 2 and 3 of this document describe the examina-
tion of samples of failed coatings from two different 
power plants, along with a postulated cause of their 
failure.  Representative samples of intact coatings were 
obtained from two other plants following exposure to 
operating plant conditions for upwards of 20 years.  
Testing them according to the ASTM specifications 
currently used for qualification of Service Level I coating 
systems offered a unique opportunity to investigate the 
consequences, if any, of plant exposure on coating 
performance.  The results of these tests are described in 
Sections 4 and 5.  Conclusions drawn from this study are 
presented in Section 6. 

This is the first time a comprehensive investigation into 
the performance of service-aged coatings has been 
performed.  In order to fully evaluate the effects of aging 
on the performance of Service Level I coatings, efforts 
were made to obtain representative samples of failed and 
intact coatings from as many operating nuclear power 
plants, as possible.  Ideally, coating systems representing 
a range of product types, times in service, exposure 
conditions, etc. would have been made available to 
correlate to the artificially-aged specimens previously 

tested.  Unfortunately, it proved to be difficult to obtain 
coating specimens, due to constraints in plant operating 
and maintenance schedules, and, perhaps, trepidation on 
the part of some utilities.  In fact, the program was never 
able to obtain a specimen of a Service Level I coating 
applied on concrete.  Even when plants were willing 
and/or able to cooperate, it was difficult to obtain precise 
information about coating service and radiation exposure 
conditions.  Therefore, the data presented in this docu-
ment do not provide a complete understanding of the 
effects of age and service on the performance of the 
Service Level I coating systems in use today.  Additional 
data from plant specimens would be useful in developing 
a full understanding of the effects of time and operating 
conditions on coating performance. 

We would like to express our sincere appreciation to the 
NRC, to Mr. Jon Cavallo, and to the operators of the 
participating nuclear generating stations for their help in 
collecting the specimens described in this document.  
Without their cooperation and patience responding to the 
myriad questions from the researchers, this program could 
not have been completed. 
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2.0  Failed Coating Chips — Plant Number 1 

During a refueling outage at a commercial nuclear power 
generating station, the USNRC resident inspector noticed 
paint peeling or delaminating (or disbonding) off the 
containment wall outside the missile shield.  This coating 
system had been qualified per Regulatory Guide 1.54, and 
consists of an IOZ primer (Carbozinc 11SG) and an 
epoxy-phenolic topcoat (Phenoline 305 Finish).  The 
topcoat was observed to be disbonding from the primer, 
with some primer still intact and bonded to the topcoat.  
The licensee’s preliminary root cause of 
failure/degradation is that the IOZ primer application was 
possibly too thick (manufacturer recommended dry film 
thickness is 2-3 mils or 50-75 microns per coat), improp-
erly thinned, or inadequately prepared prior to topcoating, 
and the primer failed cohesively.  This coating system 
was applied relatively recently, with the majority of 
application performed during 1984-1985.   

2.1 Debris Characterization — 
General Observations 

The coating chips were submitted to the SRTC metallur-
gical laboratory for characterization via scanning electron 
microscopy (SEM), energy dispersive X-ray (EDS), X-ray 
diffraction (XRD), and Fourier Transform Infrared (FT-
IR) spectrophotometry.  Samples varied in size from 
several inches in length and up to 1" to 1-1/2" wide to 
very small chip fragments.  Although packaged very well, 
some chips were assumed to have been fractured during 
shipping and handling due to the relatively brittle nature 
of this particular coating system.  Therefore, the actual 
“as-failed” size/shape distribution is unknown. 

As shown in Figure 2-1, the larger chips exhibited 
significant concavity and curvature, indicative of high 
tensile stress development during curing due to solvent 
evaporation.  This particular coating (Phenoline 
305 Finish) is approximately 64% solids with a volatile 
organic content of 2.43 lbs/gal. 

The topcoat is off-white and the IOZ primer is gray in 
color.  A close-up view of the largest coating chip is 
shown in Figures 2-2 and 2-3, with the topcoat side up.  
Although the primer was observed to be well adhered to 
the topcoat, powder residue was readily removed during 
routine handling.  In addition, the topcoat thickness 
appeared to be greater than that of the primer adhered to 
the topcoat.  The amount of primer remaining on the 
substrate is currently unknown.  It is assumed that the 
majority of primer thickness was left on the carbon steel 
substrate.  

 
Figure 2-1.  As-received chips 

 
Figure 2-2.  Overall photograph of largest chip 

as-received (topcoat-side) 

 

Figure 2-3.  Overall view of largest chip received 
(IOZ primer side) 
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2.2 Scanning Electron Microscopy 
(SEM) Examination 

The chip samples were examined using an SEM to reveal 
surface morphology and characteristics of the IOZ primer.  
Samples were examined using a Hitachi scanning electron 
microscope at low voltage (10-20KV).  A low magnifica-
tion view of a chip sample is shown in Figure 2-4, with 
the topcoat (white) charging slightly due to its non-
conducting nature.  Samples were grounded in the 
microscope using conductive carbon tape to minimize 
such effects.  Non-conducting samples can be sputter-
coated with gold or carbon, but surface defects and other 
important features can often be masked or covered at 
microscopic levels.  From Figure 2-4, the overall chip 
thickness was estimated to be approximately 180 microns 
or approximately 7 mils.  Although only a rough estimate 
from an angular view, this is consistent with a 4-6 mil 
thick topcoat and a 2-3 mil primer which has cohesively 
split (2-3 mils for the primer would be acceptable, with all 
other application factors ideal). 

 

Figure 2-4.  SEM photomicrograph of a representative 
paint chip (60X) 

In Figures 2-5 to 2-10, higher magnification views are 
shown, with zinc/zinc oxide (ZnO) particles observed to 
be relatively spherical and intact.  Although difficult to 
ascertain after disbondment, the presence of such 
uniformity indicates that the topcoat possibly failed 
initially due to tensile stress in the topcoat that was not 
supported by the IOZ primer layer.  That is, tensile 
stresses would be expected in a coating for which 

volatilization of the carrier material occurs.  This 
condition, coupled with the (assumed) low cohesion 
strength within the IOZ, due to possible non-uniform 
distribution of the ethyl silicate binder as a result of 
inadequate moisture and/or excessive thickness, led to 
cracking in the topcoat and splitting within the IOZ layer 
to form chips. 

 
Figure 2-5.  Surface of inorganic zinc primer (100X) 

 
Figure 2-6.  Surface of inorganic zinc primer (250X) 
(white particles are assumed to be charged regions of 

the epoxy-phenolic topcoat) 

At 500X (Figure 2-7), zinc oxide particles were estimated 
to be approximately 10-30 microns in diameter, which 
closely corresponds with observations made in other 
studies of similar systems.  Although most particles were 
intact, some of these were believed to have been disturbed 
during failure and during subsequent handling and mo-
tion.  Surface particles present were believed to be dust 
that was lightly adhered to the underlying layers and were 
not necessarily representative of the actual fracture inter-
face.  Examination of the fracture surface in such a mate-
rial is therefore more difficult than for a rigid crystalline 
material.  At higher magnifications (Figures 2-8 to 2-10), 
cleavage or fracture lines on spherical particles were more 
obvious.  At higher magnifications, discrimination of 
these features became more difficult due to low voltage 
beam fluctuations and surface contrast.   
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Figure 2-7.  Inorganic zinc primer (500X) 

 
Figure 2-8.  IOZ primer, with zinc/ZnO particles 

exhibiting cleavage planes (1000X) 

 
Figure 2-9.  IOZ primer, zinc/ZnO particles (2000X) 

 

 
Figure 2-10.  High magnification view of zinc particle 

in cleavage plane (3000X) 

2.3 X-Ray Diffraction 

In addition to EDS analysis, X-ray diffraction was 
performed to determine the presence of zinc oxide versus 
metallic zinc and to identify/confirm the presence of 
unreacted silicates and/or asbestos fillers and other 
oxides, silicates, etc.  X-ray analysis of the primer 
revealed major peaks for both zinc and zinc oxide, 
indicating that the metallic zinc dust in the primer had 
oxidized to varying degrees, which was likely dependent 
upon oxygen availability and the presence of moisture 
during the primer cure. In the topcoat, the primary peak 
detected was that of rutile or titania (TiO2), which is the 
primary pigment in the off-white topcoat.  

2.4 Tensile Testing 

Free-film tensile tests were developed using fragments or 
chips of an epoxy-phenolic/IOZ coating system which 
failed in service.  The strip specimens were die-cut in 
widths of 0.35 in. (Figure 2-11).   Specimens were tested 
(Figure 2-12) in an Instron model 4507 mechanical testing 
machine at a crosshead speed of 0.05 inches per minute, 
using knurled, spring-loaded grips.  Failure occurred 
outside the grips (Figure 2-13) in only one successful test, 
at 100°F.  The maximum load was 2.7 lb and the resulting 
tensile strength 710 psi.  Other tests resulted in failure 
within a grip.  The 710-psi tensile strength is lower than 
that measured in an unirradiated, freshly applied epoxy 
phenolic coating (without any primer layer), but is within 
the range seen in the same coating irradiated to 109 rad. 
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Figure 2-11.  Tensile strip specimens cut from chips 
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Figure 2-12.  Tensile test of plant chip at 100°°°°F (38°°°°C) 
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Figure 2-13.  Tensile test of free-film specimen 

2.5 DBA LOCA Testing 

A real-time videotape record of the response of the chips 
was made during a simulated DBA/LOCA exposure.  
Figures 2-14 and 2-15 show stills from this video before 
and after exposure. The chips were in the following initial 
conditions:   

• As-received 

• Irradiated to 0.2x109 R at 1x106 R/hr in the SRTC 
gamma cell facilities 

• Ground to remove the 0.005" of IOZ layer to 
effectively make a single epoxy-phenolic layer chip 
specimen. 

The as-received specimens had an initial curl or “curl-
bias.”  During chamber heat-up the chips showed an 
initial relaxation of this curl followed by a re-curl to the 
initial or even greater curled condition.  With steam 
exposure, extreme tight curling occurred at a relatively 
constant rate throughout the first approximately 
30 minutes.  A relatively minor amount of additional 
curling occurred beyond the first 30 minutes.  A large loss 
of powder from the specimen was observed on the 
specimen holder plate.  The specimens also showed an 
approximate 20% loss in weight.  The specimens always 
curled with the IOZ layer on the outside and the epoxy-
phenolic layer on the inside.  No consistent trend of final 
curl direction with respect to the initial bias was noted.  
The steam exposure greatly softened the chips and 
allowed plastic flow.  The effects of temperature and 
moisture have been observed to soften the epoxy-phenolic 
[ref. WSRC-TR-2001-00067].  Qualitatively, the 

brittleness of the exposed (curled) specimens was 
regained at room temperature. 

The pre-irradiated specimens did not curl to the extent of 
the non-irradiated specimens.  The irradiation embrittled 
the chips, as qualitatively noted by the reduction in ability 
to bend the specimens before breaking for the irradiated 
chips, compared to the non-irradiated chips.  The steam 
exposure softened the chips and allowed plastic flow, 
since bending in excess of that at room temperature was 
observed.  The IOZ layer of the irradiated chips was also 
observed to contain numerous small cracks following the 
steam exposure, as shown in Figure 2-16.  This was in 
contrast to the non-irradiated exposed chips, which did 
not show formation of cracks. 

 
Figure 2-14.  Still from video of chips before exposure 

to 300oF steam for 1 hour 
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Figure 2-15.  Stills from video of chips after exposure to 300oF steam for 1 hour

 
Figure 2-16.  IOZ side up of chip specimen exposed to 300°°°°F steam following additional radiation to 0.2x109 R 

2.6 Analytical Modeling of 
Two-Layer Coating 

A mechanics model of a two-layer coat chip that would 
exhibit curling was constructed and an example case was 
analyzed.  Curling of two-layer system must be caused by 

a relative difference in expansion or contraction.  The 
approximate solution is: 

εo − εi = δ/2r 

where δ is the total thickness of the two-layer chips, r is 
the radius of curvature, and εo − εi is the relative 
difference in expansion or contraction.  
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Figure 2-17.  Analytical model of the radius of curvature of a two-layer chip 

 
This model shows that, whatever the mechanisms causing 
the differential expansion or contraction, a difference in 
expansion/contraction must occur if the chips curl.  The 
as-received chips had an initial radius of curvature of 
approximately 1 cm, consistent with a differential 
expansion/contraction of approximately one percent.  

There are two mechanisms that could cause differential 
expansion namely (i) oxidation of the porous zinc primer 
layer and (ii) the differences in thermal expansion 
characteristics between the layers.  Analyses evaluating 
each of these phenomena were performed and are 
summarized below.  

(i) Oxidation of Zinc Layer  

The results show that volume expansion of 30 percent 
could occur for non-reacted zinc.  This would provide up 
to approximately 10 percent liner expansion and therefore 
provide a differential expansion sufficient to cause curling 
to radii approximately 1 mm.  The parametric analysis 
considered the packing densities of spheres of zinc and 
the thickness of the zinc layer. 

X-ray diffraction and SEM-EDS analysis of the post-
DBA chips were performed to determine if a difference in 

the amount of ZnO before and after exposure could be 
quantified to compare to the analytical results.  The 
results from these analyses indicate that additional 
oxidation of the Zn has occurred.  

(ii) Thermal Expansion 

The results show that differences in thermal expansion 
coefficients can result in curling of a two-layer chip, 
similar to a “bi-metallic” strip. 

To test the hypothesis that a single-layer system should 
not be subject to the high degree of curling because 
differential expansion/contraction could not occur (unless 
the single-layer was not uniform), tests were run with 
single-layer coats.  First, specimens of “artificial” debris 
chips, prepared by LANL for transport tests, were 
exposed to 300°F steam for 1 hour.  The artificial chips 
exhibited only minor deformation compared to the plant-
provided chips (Figure 2-18).  Next, single-layer 
specimens were prepared by carefully grinding off the 
0.005" IOZ layer on the chips using 1200 grit paper.  
Some residual IOZ remained at the edges of the chips, 
since it was difficult to remove this layer without 
breaking the chips.
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Figure 2-18.  Photograph of the artificial chips following steam exposure 

The single-layer chips were exposed to 300°F steam for 
1 hour and the results (Figure 2-19) showed only minor 

curling of the chips compared to the results from the two-
layer chips.  

 
Figure 2-19.  Photograph of the single-layer chips following steam exposure 
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2.7 Metallography 

Additional characterization of the failed chips was 
performed.  The as-received chips were mounted in cross-
section and polished to show the two-layer system (see 
Figure 2-20).  The Knoop hardness (HK) was determined 
using a 10 gram load.  Measurements were made in the 
epoxy-phenolic layer with an average hardness number of

15.9 HK of five data (17.3, 15.5, 15.9, 15.8, 14.8). 
Measurements in the IOZ layer were more difficult to 
make because the contrast of the structure obscured the 
indentation.  The average hardness number is 33.4 HK of 
three data (44.9, 28.2, 27.2).   

This characterization information provides an assessment 
of the strength of the coatings, since hardness can be 
correlated with yield strength.

 

Figure 2-20.  Photomicrograph of the failed chip in cross section showing the two-layer system with the Knoop 
hardness indents in the epoxy-phenolic and IOZ layers 
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3.0  Failed Coating Chips — Plant Number 2 

3.1 Sample Description 

Samples of coating chips were received from an operating 
nuclear power generating station.  Although the chips 
were appropriately labeled and transported as non-
radioactive material, due to residual levels of contamina-
tion and possible hot particles, these samples were treated 
as contaminated and handled accordingly.  

Three different bags were received, each with coating 
debris/chips from different areas/locations in the primary 
containment structure.  The bags were labeled as “Rx B 
East, 3rd floor, ceilings & wall”, “RX spray, header steel”, 

and “ Rx Polar Crane”, respectively.  Representative 
photographs of as-received chips are shown in Figures 3-1 
to 3-4. The coating system used was Carboline Phenoline 
305 Finish/topcoat with either CarboZinc 11 inorganic 
zinc primer (steel substrates) or Phenoline 305 primer 
(concrete substrates), according to plant representatives.  

The samples were typically 1" square or less, generally 
smaller than the as-received chips described in Section 2, 
with less curling bias, indicative of curing stresses and/or 
excessive film thickness.  There also appeared to be much 
less primer attached to the topcoat for these particular 
chips than for the other chips. 

Figure 3-1.  As-received coating chip, topcoat side – Rx Polar Crane location 

Figure 3-2.  As-received coating chip, primer (inorganic zinc) side – Rx Polar Crane location 
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Figure 3-3.  As-received debris, ceilings/wall location, 3rd Floor ceilings– topcoat with surfacer attached 
(note ¼" cracks) 

 
Figure 3-4.  As-received chip from Rx spray – header steel location 

3.2 SEM Analysis 

The inorganic zinc primer side of the chips (from the 
header steel location) was examined under the scanning 
electron microscope (SEM) to determine particle size and 
general surface texture and structure.  A secondary 
electron image revealed the relatively rough and non-
distinctive surface characteristic of inorganic zinc primer  

(Figure 3-5).  Particles were assumed to be primarily zinc 
oxide in a silicate matrix, with some possible unreacted or 
unoxidized zinc metal in regions unexposed during curing 
and post-failure exposure to the environment.  Due to the 
relatively high reactivity of zinc, however, the majority of 
exposed metal dust/particles were assumed to have either 
reacted with the ethyl silicate binder to form either a zinc 
silicate “polymer” or zinc oxide. 
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A backscattered electron image of the same area shown in 
Figure 3-5 is provided in Figure 3-6 to show the relative 
difference between the two imaging techniques.  In the 
backscattered image, the conductive areas are shown in 
white with the non-conductive areas being darker.  The 
relevant fact to note from these images is that although 
the inorganic zinc primer was assumed to be polymerized/ 
oxidized, it was still relatively conductive even in the 
uncoated condition (uncoated with either gold or carbon 
typically used for imaging of non-conductive materials). 

Secondary electron images of the same general area and 
features are shown from 500 to 5000X in figures 3-7 to 
3-10, with the majority of zinc oxide particles observed to 
be less than 20 µm in diameter.  At the higher magnifica-
tions, cleavage planes (splitting of the particulates) were 
observed.  Cleavage of particles may have occurred 
during coating failure or may be an artifact of the coating 
curing process.  

 
Figure 3-5.  Secondary electron (SE) image of inorganic zinc primer – header steel location (200X) 

 
Figure 3-6.  Backscattered image of inorganic zinc primer – header steel location (200X) 

(same area as Figure 3-5) 



Failed Coating Chips — Plant Number 2 

WSRC-TR-2001-00163 3-4  

 
Figure 3-7.  Secondary electron image of inorganic zinc primer (500X) 

 
Figure 3-8.  Secondary electron image of inorganic zinc primer (1000X) 

Note size of Zn/ZnO particles (<20 µµµµm) 
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Figure 3-9.  Secondary electron image of larger particle (from center of Figure 20), 2500X 

 
Figure 3-10.  Secondary electron image of larger particle, note cleavage plane 

(loss of clarity at high magnification), 5000X 
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4.0  Plate and Handrail Specimen

4.1 Plate Specimen – Plant Number 3 
4.1.1 D3911 DBA/LOCA – First Test 
An ASTM D3911-95 design basis loss-of-coolant 
accident test was completed on a coated steel specimen 
removed from a snubber support base plate from a 
commercial nuclear power station.  The specimen had 
experienced actual service conditions in containment for 
approximately 15 years.   

The test specimen was approximately 3 X 5 inches and 
was coated on the two main faces with two coats of 
Mobil/Valspar amine-cured epoxy (78W300).  One face 
had a noticeable number of scratches present in the 
coating, with the other face relatively clear of scratches.  
The edges of the specimen were bare steel, the specimen 
having recently been removed from the plant.  These 
edges were painted at SRTC prior to testing to minimize 
formation of carbon steel corrosion products, which could 
interfere with the test chamber spray system.  The best-
looking face of the specimen was placed so it could be 
viewed in the video-borescope during the test.  

A crack in the coating appeared in the video-borescope 
image approximately 34.5 hours after the DBA test began, 
approximately 31.5 hours after decreasing the test 
chamber pressure to 30 psia, 250oF and beginning the 
application of water spray.  This crack is the left-most 
crack visible in Figure 4-1.  The crack in the coating had 
been growing for some time prior to becoming visible in 
the borescope image.  It could be seen growing 
approximately the last inch of its length over the course of 
approximately 45 minutes, remaining unchanged in the 
image after that time.   

When the specimen was removed from the test chamber, a 
large chip, approximately 2.75 inches square, was present 
on the surface of the specimen which was visible in the 
video-borescope image.  The chip was still attached on 
two edges, but appeared very fragile.  No evidence of 
coating failure was observed on the back face of the 
specimen.   

Figures 4-2 and 4-3 document the appearance and 
removal of the chip.  Figures 4-4 and 4-5 illustrate the 
condition of the surface of the steel plate beneath the 
failed chip.  The surface preparation in this area does not 
appear to have been adequate to ensure adhesion of the 
coating during the DBA test.  The poor surface prepara-
tion in this area was probably an anomalous oversight, 
caused by the presence of identification markings scribed 
into the plate surface in the area of failure.  Tests were 
performed on the coating remaining on the test specimen 
to determine the adequacy of the coating adhesion in 
those areas.  Their results are reported at the end of this 
section. 

 
Figure 4-1.  Overall view of snubber support base 
plate specimen as it appeared after DBA testing 

 
Figure 4-2.  Side-view of the test specimen illustrating 

the extent of coating delamination 

 
Figure 4-3.  Overall view of the test specimen after 

removal of the failed chip. 
Note:  The chip was removed approximately along the 

bond/non-bond interface. 
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Figure 4-4.  Close-up view of the test specimen 

revealing identification markings in the steel plate 
surface beneath the failed chip. 

Note:  The surface in this area appeared smooth, with 
minor surface scratches similar to what might be 

expected from wire brushing. 

 
Figure 4-5.  Close-up view of the surface of the steel 
plate beneath the failed chip illustrating the smooth, 

lightly brushed appearance. 
Note the presence of coating remnants in the marking 

indentations.  (Magnification about 10X) 

4.1.2 D3911 DBA/LOCA – Second Test with 
Partial Immersion 

A second snubber support base plate specimen was sec-
tioned, and half of it was irradiation-aged to 1 x 109 rads 
at 1 x 106 rads/hour and 120°F, in accordance with ASTM 
D4082-95.  After irradiation, the non-aged and the irradia-
tion-aged portions were further sectioned to provide 
specimens for use in DBA/LOCA and immersion testing. 

 
Figure 4-6.  Overall view of the coated steel specimen 

provided from an operating nuclear power plant.  The 
specimen was coated on the two main surfaces with 

two coats of Mobil 78-W-300.   

 
Figure 4-7.  Overall view of the snubber support 

specimen following irradiation aging 
of the left half to 1X10 9 rads at 1X106 rad/hr and 

120°°°°F in the SRTC gamma cell. 

Design-basis accident/LOCA testing was performed on 
the specimens according to ASTM D3911-95, except the 
bottoms of each specimen were allowed to become 
immersed during the spray-cooling portion of the test.  
During testing, the irradiation-aged specimen exhibited 
extensive blistering of the coating, including the intra-
coating delamination of a significant portion of one face.  
The non-irradiated specimen exhibited only minor, 
localized surface blistering.  No significant debris was 
released from the specimens; however, no effort was 
made to collect debris particles that may have been 
released. 
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Figure 4-8.  Overall view of the snubber support plate 

specimens following DBA/LOCA testing.  The 
irradiated specimen (left) exhibited delamination and 
blistering of all of the coated surfaces.  The non-aged 
specimen exhibited minor blistering.  The dotted lines 

indicate the approximate immersion level. 
Note:  The yellow paint present on the cut surfaces of 
the specimens was applied by SRTC to help control 

the formation of rust during the DBA/LOCA testing. 

 

 
Figure 4-9.  Front and side views of the irradiation-
aged specimen illustrating the extensive blistering 

present following DBA/LOCA testing. 
Note: The wire was used to secure a thermocouple to 

the specimen front surface during testing. 

Examination of the irradiation-aged specimen revealed 
the thickness of the coating in the delaminated chip to be 
about 0.012 inch, considerably thicker than the 
0.001 - 0.002 inch blisters which developed during testing 
of similar, irradiation-aged coatings, which were freshly 
applied.  This suggests the exposure to the plant environ-
ment may have made the coating more susceptible to 
damage during irradiation-aging.  As there is evidence 
coating damage results from a combined effect of 
irradiation and oxygen permeation, this difference in 
depth of damage can, perhaps, be explained as a 
difference in the depth of oxidation of the coating, which 
occurred prior to irradiation.  

 
Figure 4-10.  Bottom view of the irradiation-aged 

specimen illustrating the delamination that occurred 
in the immersed portion of the specimen during 
DBA/LOCA testing.  The coating was split intra-

coating (i.e., a portion of the coating remained on the 
steel substrate). 



Plate and Handrail Specimen 

WSRC-TR-2001-00163 4-4 

4.1.3 Immersion Test 

Portions of the aged and non-aged coating specimens 
were immersed in room temperature water, which was 
then heated to 200°F (Figure 4-11).  As the water was 
heated, gas bubbles appeared on the coated surfaces of the 
irradiated specimen, accompanied by the formation of 
blisters in the coating as the temperature approached 
200°F (Figure 4-12). 

 
Figure 4-11.  Overall view of the irradiation-aged 

(yellow, front) and non-aged (white, back) specimens 
in room temperature water at the beginning of 

immersion testing 

 
Figure 4-12.  Overall view of the aged and non-aged 

specimens after immersion for approximately 2 hours 
in 200°°°° F water.  Note the formation of gas bubbles 

and blisters on the coated surfaces of the irradiation-
aged specimen. 

When the specimens were removed from the immersion 
test bath, the entire surface of the irradiation-aged 
specimen exhibited blistering of the coating, whereas the 
non-irradiated specimen was unaffected (Figure 4-13).  
The coating did not “fail”, according to the failure criteria 
in ASTM D3911-95, however, no effort was made to 
collect debris particles that may have been released from 
the coating. 

 

Figure 4-13.  Immersion test specimens following 
removal from the test vessel.  No evidence of coating 
degradation was observed on the non-aged specimen. 

Microscopic examination of the irradiated specimen 
revealed an extensive network of pores and blisters 
throughout the coating.  Measurements of the coating 
thickness made in broken blisters revealed a delamination 
depth similar to that seen in the DBA/LOCA testing.  As 
before, a remnant of coating remained on the substrate 
beneath the blisters (Figure 4-14). 

Figure 4-14  Photom
irradiation-aged s
testing.  The thic

approximately 0.012
the delamination ob

Note, also, the presen
the surface of t

app
0.012 
 
icrograph of the surface of the 

pecimen following immersion 
kness of the broken blister is 
 inch – which is consistent with 
served in the DBA/LOCA test.  
ce of minor blisters and pores in 
he coating.  Magnification 
roximately 10x. 
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4.1.4 Adhesion Pull Test Results 

Adhesion pull tests were performed on an as-received 
snubber plate and on a plate that had been DBA-LOCA-
tested.  Adhesion pull tests performed on the DBA-LOCA 
tested plate described in section 4.1.1, on the intact 
coating next to the removed chip, produced a strength 
result (load at failure divided by puller area) of 1290 psi 
in one test and an exceptional value of 3000 psi in a 
second test.  It may be assumed that the adhesion strength 
under the failed chip was zero.  These results indicate that 
the quality of the coating/substrate bond can vary 
substantially over only a very small sample area. 

Figure 4-15 shows the load-extension results from an as-
received plate in the dry condition.  The highest strength 
was 1970 psi at 100°F, in which test failure, or separation 
of the puller from the substrate, occurred at what appeared 
to be the topcoat/primer coat interface.  In the lower 
strength failures at 100°F, failure occurred at the topcoat/ 
primer interface as well as at the primer coat/substrate 
interface.  In the instances of separation at the substrate, 
there appeared to be spots of rust on the steel substrate, 
which probably accounts for the lower strengths.  The 
relatively lower strength and more ductile failure 
observed in the 200°F test compared with the 100°F tests 
are consistent with observations in the epoxy 
phenolic/inorganic zinc coating on steel (the SRTC 
System 1 coating).

 

Figure 4-15.  Adhesion pull test results from the as-received snubber plate at 100°°°°F and 200°°°°F in the dry condition 
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4.2 Handrail Specimen – Plant 
Number 3 

4.2.1 D3911 DBA/LOCA 

A DBA-LOCA test was performed, according to ASTM 
D3911-95, on a section of coated steel handrail provided 
by a commercial nuclear generating station.  The coating 
system consisted of two coats of Mobil/Valspar amine-
cured epoxy (78W300).  The specimen was divided, with

half tested in the as-received condition, and half tested 
after irradiation-aging to 1 x 109 rad at 1 x 106 rad/hour at 
120ºF (Figure 4-16).   

The coating did not fail, according to the acceptance 
criteria of the ASTM specification (Figures 4-17 and 
4-18).  However, under microscopic examination, there 
was evidence of failure of the coating in the irradiated 
specimen, similar to what has been observed in other 
irradiated specimens – by release of fine particles 
(Figure 4-19).

   
Figure 4-16.  Overall views of the handrail specimen as it appeared as-received and after dividing in half (left), and 

after irradiation-aging of half of the specimen (right)

 
Figure 4-17.  Overall view of the handrail specimens, 

after DBA-LOCA testing.  The as-received specimen is 
on the left; the irradiation-aged specimen on the right. 

Figure 4-18.  Macroscopic view of t
irradiation-aged specimen, reveal

of intact blisters 
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Figure 4-19.  Microscopic view of the surface of the 
irradiation-aged handrail specimen, following DBA-
LOCA testing.  Magnification is approximately 7x. 

4.2.2 Immersion Testing 

The following series of photographs, the first three taken 
from a time-lapse video, illustrates the immersion test 
performance of portions of the handrail specimen.  The 
specimen on the left is in the as-received condition, 
whereas the specimen on the right has been irradiated to 
1 x 109 rad at 1 x 106 rad/hour and 120º F according to 
ASTM D4082-95. 

The first image (Figure 4-20) illustrates the condition of 
the specimens immediately after immersing them into 
water, preheated to 200º F.  The next image (Figure 4-21) 
illustrates the appearance of the specimens after 
10 minutes.  Note the formation of a uniform layer of 
bubbles and blisters on the surface of the irradiated 
specimen.  The rapid formation and release of bubbles is 
consistent with the hypothesis of gas formation within an 
epoxy topcoat during the irradiation of the specimen. 

Figure 4-20. Handrail specimens im
immersion in water preheate

 
Figure 4-21. Handrail specimens 10 minutes after 

immersion in water preheated to 200ºF 

The addition of heat was terminated after approximately 
2.5 hours and the specimens were allowed to cool under 
water.  Figure 4-22 shows the appearance of the 
specimens after cooling for approximately 1.5 hours. 

 
ure 4-22. Handrail specimens at the end of the 

immersion tests 
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The last image (Figure 4-23) shows the appearance of the 
irradiation-aged specimen after removal from the 
immersion test.  Note the extensive surface blistering, 
with rupture or collapse of most of the blisters.  The 

blisters do not penetrate to the substrate, i.e., they are 
confined within the outermost layer of the topcoat, as has 
been observed in immersion testing of other irradiated 
epoxy coatings. 

 

 
Figure 4-23. Irradiation-aged handrail specimen after removal from the water immersion test 
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5.0  Contaminated Plate Specimen — Plant Number 4 

5.1 Immersion Testing 

A water immersion test was performed on a coated 
steel plate specimen removed from an operating 
commercial nuclear power plant after more than 
20 years of service.  The coating system consisted of 
a Carbozinc 11 primer with a Phenoline 305 
topcoat.  The specimen had slight surface 
contamination, and was tested in the as-received 
condition only, i.e., no additional irradiation of the 
test specimen was performed (Figure 5-2).   

In the immersion testing, the specimen was placed 
into room temperature water, which was then heated 
to 200ºF and held for approximately 24 hours.  No 
evidence of coating failure was observed 
(Figure 5-3). 

 
Figure 5-1.  Overall view of coated steel plate 
specimens.  The specimens are approximately 

2 inches square, each, and were saw-cut from a 
plate which appeared to have been removed from 

service with a cutting torch. 

 
Figure 5-2.  Overall view of one of the coated plate 

specimens as it appeared prior to 
immersion testing 

 
Figure 5-3  Overall view of the coated plate 

specimen as it appeared after immersion in 200°°°° F 
water for approximately 24 hours.  Only minor 

corrosion of the saw-cut edges of the 
specimen was observed. 
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6.0  Conclusions 

The examination and testing of failed coating 
specimens, obtained from two different plants, 
indicated the coatings failed as a consequence of 
improper application, rather than as a result of time-
in-service or environmental conditions.  However, 
SRTC was not able to obtain intact coating 
specimens from these same plants to confirm this 
conclusion. 

The DBA/LOCA testing performed by SRTC on 
plant-aged plate and handrail specimens from two 
different plants revealed acceptable coating perform-
ance, in the as-received condition.  The coatings did 
not fail, according to the acceptance criteria of 
ASTM D3911, and remained well-adhered, except in 
a portion of one plate which had not received 
adequate surface preparation prior to coating 
application.  However, when specimens of coatings 
from one of these plants were tested following the 
accelerated irradiation-aging specified in ASTM 
D4082, extensive blistering and intra-coating 
delamination was observed.  As irradiation-aged 
specimens of this coating (Mobil/Valspar 78W300) 
would have passed these same test conditions during 
initial qualification, failure of the plant-aged 
specimens indicates the coating has experienced a 
degradation of properties, due to time-in-service 
and/or the environmental conditions to which it has 
been exposed. 

The SRTC coatings performance evaluation program 
has previously reported a coating failure mechanism 
which occurs when irradiation-aged coatings are 
immersed in hot (200°F) water.  (See References in 
Section 1).  Under these test conditions, recently-
applied coatings, which were irradiation-aged 
according to ASTM D4082, blistered and failed, 
releasing coating debris from the outermost layer of 
the topcoat.  The coating failures observed in these 
recently-applied coatings have been confined to a 
depth in the topcoat of approximately 0.002 inch.  
Immersion testing of plant-aged specimens of 
Mobil/Valspar 78W300 following accelerated 
irradiation-aging revealed a similar coating failure, 
except coating failure extended to a depth of ap-
proximately 0.012 inch.  This greater depth of 
damage could be further evidence of coating degra-
dation resulting from time and service conditions.  

It must be made explicitly clear that only plant-aged 
specimens of Mobil/Valspar 78W300 were tested 
following accelerated irradiation-aging.  Therefore, 
no conclusions can be drawn regarding the perform-
ance of other plant-aged coatings, when subjected to 
similar irradiation-aging and test conditions.  As a 
consequence of the limited number of plant-aged 
specimens made available for testing, no definitive 
conclusions can be made regarding the effects of 
time, temperature, irradiation dose-rate, and/or total 
irradiation dose on the performance of service-aged 
coating systems. 
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