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Metallurgical Analysis of PCCV Liner Tears 
 

K. H. Eckelmeyer, J. A. VanDenAvyle, A. C. Kilgo, and L. D. Lambert 
 
 
Executive Summary: 
Substantial amounts of grinding done in association with repair welding were observed in 
conjunction with nearly all of the 26 liner tears. This grinding produced localized thin 
areas adjacent to a number of the repair welds. Thinning permitted localized plastic 
deformation culminating in tearing to occur in the more severely ground regions prior to 
the onset of general plasticity in the bulk of the liner. This appears to have contributed 
strongly to the observed liner tearing. 
 
Geometric features may also have contributed to formation of some of the tears. Acoustic 
data suggested that initial tearing occurred in the equipment hatch transition region, 
despite grinding being less severe here than in some other areas where tearing did not 
occur until later. Back-up bar irregularities associated with repair welding (missing 
segments, various sized segments, etc.) may also have contributed to several tears, but 
appear to have been primarily responsible for only tear #16. Discontinuities in horizontal 
stiffeners may also have exacerbated strain localization and contributed to the formation 
of some tears. 

While the ¼-scale liner material met most of the mechanical property specifications for 
full thickness plate, the ratio of yield to ultimate tensile strength was unusually high for 
hot rolled steel plate, making the model liner particularly sensitive to local variations in 
thickness. The necessity of rolling the liner plate to ~ 25% of usual thickness may have 
increased tensile and particularly yield strength, making it more prone to localized plastic 
deformation and tearing than typical full-thickness liner material. 
 
Portions of the heat affected zones adjacent to the welds were slightly softer than the base 
metal, possibly because relatively low temperature finish rolling left a small amount of 
warm work in the base metal. The amount of softening, however, was not sufficient to 
cause complete plastic strain localization and tearing, as appeared to have occurred in the 
liner. Consistent with this, tensile tests on welded samples gave similar strengths, but 
lower elongations, to those of unwelded material. Also consistent with this, lesser but 
varied degrees of localized plastic deformation were observed adjacent to some liner 
welds where little or no grinding and/or repair welding had been done, and where tearing 
had not occurred. In the more severe cases, the onset of necking, which culminates in 
tearing, may have occurred. Tear #12 may represent a tear that formed in the absence of 
prior grinding. 
 
There was no indication that deficiencies in the liner material or welds contributed to 
tearing, other than as described above. The only exception to this was tear #1, which 
occurred at a lack-of-fusion defect in the region of a repair weld.  
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Background: 
An instrumented quarter-scale model of a nuclear reactor containment structure was 
constructed and pressure tested to characterize its mechanical response. The design 
pressure for this structure was 0.39MPa, and analytical predictions were that failure 
would occur between 2 and 4 times this design pressure. During pressure testing of this 
structure leaks were detected beginning at 2.5 times design pressure. At 3.3 times design 
pressure the leak rate exceeded pressurization capacity and the test was terminated prior 
to structural failure. Approximately 0.4% global hoop strain occurred in the structure.  
Post-test examination revealed that 26 tears had formed in the interior steel liner, and that 
these tears were responsible for the leaks.  
 
The locations of these tears are shown in Figure 1. Seven of the tears were associated 
with structural features, such as feedwater penetrations and the equipment hatch 
transition boundary. Acoustic signals suggested that the earliest tearing occurred in the 
equipment hatch area.  The remaining nineteen tears occurred in “free-field” areas distant 
from any gross structural transitions. 
 
A metallurgical study has been conducted to characterize these tears. This report 
summarizes the findings and conclusions of this study. 
 
 
Macro Examination of Liner Interior and Exterior: 
Initial macroscopic inspection of liner tear regions consisted of visual inspection of the 
inside surface, inspection of photographs of the outside surface (taken prior to concrete 
placement), and ultrasonic measurement of liner thickness. (Note that throughout this 
report the descriptors “inside”, “interior”, and “front side” are used to indicate the surface 
of the liner facing the inside of the structure, while “outside”, “exterior” and “back side” 
are used to indicate the liner surface facing the concrete.) Following initial inspection, 
sections surrounding many of the tears were cut out and removed. This permitted more 
detailed observation of features such as back-up bars. A number of macroscopic 
characteristics were found to be common to nearly all of the tears: 
 
• Tears were oriented perpendicular to the circumference of the cylindrical structure, 

i.e., vertically. This indicated that they formed primarily due to circumferential 
(hoop) stresses. The only exceptions were tears along the feedwater penetrations – 
these initiated at the 3 and 9 o’clock positions (vertically), then extended along the 
semicircular transition boundary. 

• Tears occurred in conjunction with vertical field welds. Typically the tears formed 
parallel to the welds, less than a few millimeters into the plate from the fusion zone 
boundaries. No cases of failure in the primary fusion zone were observed, except for a 
few cases where separate tears developed on opposite sides of the weld, then linked 
together through the fusion zone. Several tears occurred somewhat farther from the 
vertical field welds, but never more than 3 centimeters. 

• Tears occurred in regions in which repair welding and associated grinding (pre-repair 
and/or post-repair) had been done. 
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• Substantial localized plastic deformation occurred in the regions of the tears. This 
suggested that the tears formed by ductile rupture following localized plastic strain, 
rather than by brittle fracture at abnormally low strain. 

• Liner thinning was detected in the vicinities of the tears and the nearby areas where 
grinding had been done in conjunction with repair welding. It was not apparent, 
however, whether this thinning was associated with grinding that took place prior to 
testing of the structure, with plastic deformation which occurred during testing of the 
structure, or with both. 

  
Summaries of macroscopic observations on the “free-field” and “feature-associated” tears 
and their surroundings are given in Tables 1 and 2, respectively. The descriptions of 
“apparent extent of repair welding” and “apparent extent of grinding” are qualitative 
descriptors based on visual observation only. These were used primarily to aid in the 
selection of a range of tear samples for more detailed quantitative characterization, which 
will be described in a later section. Photographs taken during construction helped 
correlate liner outside features (stiffeners, anchors, weld back-up bars, etc.) with the 
locations of the tears. Photographs comparing the front side (interior) and back side 
(exterior prior to concrete placement) features in the vicinities of a number of tears are 
shown in Figures 2 to 18.  
 
Examination of Table 1 shows no indication that the “free-field” tears occurred 
preferentially in the proximity of anchors or horizontal welds and the associated 
stiffeners. Some of these tears, however, may have been exacerbated by abnormalities 
such as discontinuities in stiffeners and/or back-up bars. This will be discussed in greater 
detail in a subsequent section. 
 
A number of features were observed in the field welds of the model that would not be 
characteristic or allowed in full-scale liners. In many cases these were inevitable 
consequences of the difficulties involved in fabricating a ¼-scale model. For example, it 
was clear that fit-up and distortion had been difficult issues during the liner erection and 
welding process. As a result, there were areas where adjacent plates appeared to be 
misaligned by more than one-quarter the plate thickness (Ref. 1). 
 
Irregularities were also observed in the back-up bars. It is important to note, however, 
that while permitted by ASME Code (Ref. 2), MHI does not typically use back-up bars in 
fabrication of full-sized liners; they were used here because of difficulties associated with 
fabricating a ¼-scale model. The irregularities observed included use of varying sizes of 
back-up bar (ranging from 3 mm thick x 13 mm wide to 6 mm thick x 25 mm wide), 
areas in which segments of back-up bar were removed and not replaced during repair 
welding, and the absence of welds between adjacent sections of back-up bar. All of these 
provide discontinuities that could facilitate strain localization, and would not be allowed 
in full scale liners (Ref. 2). Subsequent investigation did not suggest that such back-up 
bar irregularities in the vertical welds were primarily responsible for any tears. A missing 
back-up bar segment in a horizontal field weld appeared to be primarily responsible for 
tear # 16, as will be described in more detail in later sections. 
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Substantial amounts of grinding were also commonly observed in the vicinities of repair 
welds. Extensive repair welding had been done, presumably in areas where radiographic 
examination revealed evidence of porosity in the fusion zones. While the intent of this 
grinding had been to remove the defected fusion zone volumes, grinding frequently 
extended out into the adjacent plates, often by one to two centimeters. Heat tinting from 
subsequent welding confirmed that some of this grinding had been done prior to repair 
welding. However, the absence of heat tinting in other areas indicated that additional 
grinding had also been done following repair welding, apparently for cosmetic purposes. 
Visual observation indicated that severe grinding had been done in a number of areas, 
suggesting that grinding depth might have exceeded the 12.5% undercut allowed in full 
scale liners (Ref. 3), thus promoting plastic strain localization. (This was confirmed by 
subsequent measurements, as will be described in a later section.) 
 
Thickness measurements were made in the vicinities of many of the tears using an 
ultrasonic technique. The probe used had a lateral spatial resolution of 2 to 3 mm. 
Thickness measurements were made alongside and parallel to many of the tears (typically 
~4 to 6 mm from the tear), and in some cases both ahead of the tears and at greater lateral 
distances from the tears. Repeated trials showed these measurements to be reproducible 
within ~0.05 mm (~3% of initial thickness). 
 
Substantial thinning was detected in the vicinities of most of the tears, as shown in 
Figures 19 to 36. This thinning was typically confined to ~20 mm on either side of the 
weld; the nominal thickness of ~1.8 mm was generally found at greater distances from 
the welds. Adjacent to many of the tears, however, thickness reductions of 25% or greater 
were frequently observed in one or more measurements. In the most extreme case (tear 
#17) a thickness reduction of 63% was detected adjacent to the tear. Unfortunately, there 
was no way to distinguish how much of the measured thinning was caused by grinding 
(prior to pressurization of the structure) and how much was caused by localized plastic 
deformation (during pressurization of the structure). Distinguishing the magnitudes of 
these two contributions to thinning required metallographic cross-sectioning and 
examination of the torn areas, as will be described in a later section. 
 
Liner buckling was also observed in numerous areas, both areas where tearing occurred 
and in areas without tears. It was apparent that this compressive buckling occurred during 
unloading in regions where localized plastic deformation had occurred in tension during 
testing of the structure. In many cases this buckling occurred adjacent to the welds, 
indicating that plastic deformation had been locally concentrated there.  
 
The degree of buckling varied with location. The largest amounts of buckling were 
generally observed in the vicinities of the tears, including along the welds where tearing 
occurred at higher or lower levels. Relatively large amounts of buckling were also 
observed in welds associated with structural discontinuities, including the edges of the 
buttresses. In free-field areas, the degree of buckling seemed relatively high between the 
equipment hatch transition and the air lock. This may indicate that global strains were 
higher in this area for some reason. This is also consistent with the observation that a 
disproportionate number of tears occurred in this region. Considerably less buckling was 
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observed near the top of the liner, consistent with lower overall stresses expected in this 
area. 
 
In summary, the most provocative macroscopic observations were that nearly all tears 
occurred following localized plastic deformation adjacent to weld repairs where grinding 
may have resulted in localized liner thinning. Some, but not nearly all, of the tears 
occurred in areas where structural transitions or irregularities in back-up bars may have 
intensified stress and/or strain localization. Buckling indicated that localized plastic 
deformation also occurred near some welds where tearing was not observed. 
 
 
Material and Properties: 
The liner material was specified to be SGV 410 per JIS G 3118 (Ref. 4). This is a plain 
carbon structural steel plate containing 0.21% carbon (maximum), 0.85% to 1.20% 
manganese, 0.15% to 0.30% silicon, 0.035% phosphorus (maximum), and 0.040% sulfur 
(maximum). Carbon and manganese are the primary strengtheners in this material, and 
phosphorus and sulfur are limited to promote weldability. (Excessive P and S promote 
hot cracking in the weld fusion zones. No evidence of this was observed in the liner 
welds.) The specified mechanical properties for SGV 410 are: 
 
• Yield Strength: 225 MPa (33 ksi) (minimum) 
• Ultimate tensile Strength: 410 to 490 MPa (59 to 71 ksi) 
• Elongation: 21% minimum (in 50 mm gauge length of 25 mm wide sample). 
 
SGV 410 plate is not commercially produced in thicknesses below 6.4 mm. MHI was 
able to obtain 1.8 mm thick material for the liner via a special order. While this material 
was as close as could be obtained to full scale SGV 410, it is possible that rolling the 
material to less than 30% of its normal minimum thickness could result in some alteration 
of mechanical properties, potentially making the model liner material less than perfectly 
characteristic of full-scale liners.  
 
MHI material qualification tests showed the following average tensile properties (average 
of six samples, 3 from each orientation; no significant orientation differences were 
observed): 
 
• Yield Strength: 383 MPa (55 ksi) 
• Ultimate Tensile Strength: 498 MPa (72 ksi) 
• Elongation: 33% 
 
The observed ultimate tensile strength was slightly higher than the specified upper limit. 
Otherwise the material conformed to the mechanical properties specified for SGV 410. 
The yield strength, however, was 70% over the specified minimum, and was quite high 
for a steel of this composition. Both the high ultimate strength and the high yield strength 
may have resulted from low finishing temperature, as might be expected when rolling 
unusually thin material. The 33% elongation to failure dramatically exceeded the ~0.4% 
global strain at which tearing occurred in the liner. 
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The ratio of yield strength to ultimate strength provides a measure of the susceptibility of 
a material to plastic strain localization due to variations in thickness, for example, local 
thinning resulting from grinding. For the material in question, the yield strength 
represents 77% of the ultimate tensile strength. This is unusually high for hot rolled plain 
carbon steel plate, where the YS/UTS ratio is typically in the 0.5 to 0.7 range (Ref. 5). 
The high YS/UTS ratio of the steel used in the model makes this material unusually 
susceptible to plastic strain localization and subsequent tearing due to variations in 
thickness. Based on a simple uniaxial analysis, areas in which grinding resulted in 
thinning greater than ~23% would exceed the ultimate strength before the yield strength 
was reached in the surrounding (unthinned) material. This would result in complete 
localization of plastic deformation culminating in tearing in these thinned regions prior to 
the onset of general plasticity in the overall structure. Implications based on this simple 
uniaxial approach may not be quantitatively applicable to the biaxially stressed liner and 
its geometric complexities. Nonetheless, it appears that the unusually high yield strength 
of the liner material may have made the liner particularly sensitive to variations in 
thickness caused by grinding done in conjunction with liner weld repairs. 
 
The microstructures and hardnesses of welded liner material were characterized by 
Sandia. Samples from two MHI practice weld plates were cross-sectioned, mounted, 
polished, and etched. Both showed microstructures typical of welded plain carbon 
structural steel, i.e., a progression from: 
 
• base metal consisting of fine-grained equiaxed ferrite and pearlite (Figure 37), to  
• fine-grained heat affected zone (HAZ) consisting of equiaxed ferrite and pearlite 

(Figure 38), to 
• progressively coarser-grained heat affected zone consisting of acicular ferrite and 

pearlite (Figure 39), to  
• fusion zone consisting of course columnar grains (formed during solidification) which 

have transformed on cooling to mixed ferrite and pearlite (Figure 40). 
 
A second weld pass had been made in one of the practice weld panels. The heating from 
this second pass altered the microstructure of the initial weld metal. Figure 41 shows that 
the initial weld metal has been re-austenitized and recrystallized, eliminating the prior-
columnar solidification structure, then transformed to a finer-grained assemblage of 
equiaxed ferrite and pearlite. This characteristic microstructural difference was used to 
distinguish between original and repair welds in metallographic samples taken from the 
liner tear areas, as will be discussed in a later section. 
 
Microhardness measurements were made to provide an estimate of strength variations 
across the weld. Twenty-five Vickers hardness measurements were made using a 100 
gram load in each of the following areas: the base metal, the fine-grained portion of the 
heat affected zone adjacent to the base metal, the intermediate-grained portion near the 
middle of the heat affected zone, the coarse-grained portion of the heat affected zone 
adjacent to the fusion zone, the as-solidified fusion zone, and the portion of the fusion 
zone that had been re-austenitized during subsequent weld passes. The results of these 
measurements are shown in Table 3. It can be seen that the fine and medium grain-sized 
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portions of the heat affected zone were slightly softer than the base metal. This may 
reflect annealing out of residual deformation strengthening left in the ¼-scale liner plate 
due to low finishing temperature. The coarse-grained portion of the heat affected zone 
was somewhat harder, presumably due to the higher cooling rates in this area (Ref. 6). 
The fusion zone was considerably harder than either the base metal or any portion of the 
heat affected zone.  
 
Conversion of these hardness measurements to ultimate tensile strengths (Ref. 7) 
indicates that the UTS in the outer portions of the HAZ may be ~5% lower than that of 
the base metal. This may be sufficient to cause some plastic strain localization in the 
HAZ, but not the dramatic localization that was observed in conjunction with the liner 
tears. Based on a simple uniaxial analysis, the UTS in the HAZ would have to be ~23% 
lower than that of the base metal for complete strain localization to occur, i.e., for the 
HAZ to reach its ultimate strength before the base metal began to plastically deform.  
 
Tensile tests of welded specimens had been previously conducted by MHI (Ref. 8). These 
tests included plates that had been welded with different root gaps, plates that had been 
welded with and without back-up bars, and plates that had been repair welded. No 
significant property variations were detected with any of these welding parameters. 
Photographs of these samples indicated that the weld beads and back-up bars had been 
ground off during tensile sample preparation, leaving uniformly thick gauge sections. 
Yield and ultimate tensile strengths were statistically equivalent to those of the unwelded 
material. The most obvious effect of welding was a substantial decrease in elongation 
(33% for unwelded samples vs. an average of 19% for welded samples). None of the 24 
samples failed in the fusion zone. Nearly all of them failed adjacent to (within 6 mm of) 
the weld, either in the weld heat affected zone or in the nearby base metal. The observed 
decrease in tensile elongation was, at least in part, due to the fact that the harder fusion 
zones deformed less than the other portions of the samples. The lateral restraint provided 
by the harder fusion zones may also have increased deformation resistance in the heat 
affected zones, further decreasing elongation and masking the slight reductions in UTS 
expected based on the lower hardnesses found in the outer portions of the heat affected 
zones. 
 
Three sets of tensile bars were also machined from the MHI practice weld panels and 
tested at Sandia. These samples were geometrically identical to those tested by MHI, i.e., 
25 mm wide x 50 mm gauge length. One set consisted of three unwelded base metal 
samples. The second set consisted of three welded samples, but with the weld beads and 
back-up bars left in place (in contrast to the MHI tests where these were ground off). The 
expectation was that the increased lateral constraint might cause failure adjacent to the 
welds to occur at lower strains more characteristic of the liner. The third set was similar 
to the second, but represented regions in which there were significant offsets between the 
two plates (in excess of the 0.25 x thickness limit allowed by the ASME Boiler and 
Pressure Vessel Code for full-scale liners (Ref. 1)). These tests were intended to simulate 
locations in the liner where fit-up difficulties resulted in similarly large offsets, as 
described previously. 
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The results of these tests are summarized in Table 4 and compared with previous test 
results in Table 5. It can be seen that the Sandia results are in general agreement with 
those of MHI. While slightly higher strengths and slightly lower ductilities were obtained 
by Sandia for similar conditions, these small differences are not believed to be 
significant. The lower elongations observed in the welded samples were due, at least in 
part, to the absence of yielding or plastic deformation in the thicker, harder, and highly 
constrained fusion zones, as well as the increased resistance to deformation in the 
adjacent HAZ regions due to the lateral restraint provided by the fusion zones. It was 
clear, however, that substantial plastic deformation occurred in the base metal, even in 
samples that failed near the weld. This is consistent with expectations based on the 
hardness measurements, which suggested that the strength of the HAZ was only ~5% 
lower than that of the base metal, far less than the ~23% difference that would be 
required to cause complete plastic strain localization in the HAZ.  
 
The location and nature of failure changed with test condition. One of the well-aligned 
welded samples failed prematurely along the fusion zone boundary due to a lack-of-
fusion defect. The other two failed far from the weld. Apparently the additional lateral 
restraint provided by the weld bead and back-up bar increased resistance to plastic 
deformation adjacent to the weld enough that it forced deformation to concentrate far 
away in the region of reduced lateral restraint. 
 
In the three welded samples where the plates were significantly offset, deformation and 
subsequent failure occurred adjacent to the weld. Apparently the increased bending 
stresses associated with the offsets caused deformation to concentrate near the weld, 
despite the high lateral restraint in this area. The yield strength was slightly lower than in 
the well-aligned weld samples, but ultimate strength and elongation were not reduced by 
the weld offset. 
 
Scanning electron microscope characterization of the fracture surfaces showed that all of 
the samples failed by microvoid coalescence, as is typical of ductile failure following 
extensive plastic deformation (Figures 42 to 44). There may have been some tendency for 
the microvoids to be less fully developed in samples with substantial weld offsets 
(compare Figure 44 with 42 and 43), but not a dramatic one. Even in the sample that 
failed prematurely due to weld lack-of-fusion defects, the adjacent fracture surface 
(beyond the defect) exhibited typical microvoid coalescence failure. 
 
Combining the Sandia microhardness data with the MHI and Sandia tensile results, the 
following conclusions can be reached regarding mechanical behavior of welded tensile 
samples: 
 
• Under conditions of relatively mild lateral restraint (e.g., the MHI tests where the 

weld bead and back-up bars were ground off), there is a tendency for deformation, 
tensile instability, and subsequent fracture to concentrate adjacent to the weld. This is 
consistent with the slightly lower microhardnesses observed in the weld heat affected 
zones. 
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• Under conditions of greater lateral restraint (e.g., the Sandia tests where the weld 
bead and back-up bars were left on), deformation, tensile instability, and subsequent 
fracture tend to concentrate distant from the weld away from the region of high lateral 
restraint. 

• Substantial weld offsets result in additional bending stresses that cause deformation 
and subsequent fracture to again concentrate adjacent to the weld, despite high lateral 
restraint in this area. 

• No cases of dramatic strain localization were observed. In the most extreme cases 
examined plastic deformation was only mildly concentrated near the weld, i.e., plastic 
strain localization was far less severe than was observed adjacent to many repaired 
welds in the liner. Consistent with this, no substantial changes in ultimate strength or 
overall ductility occurred with variations in lateral constraint or weld alignment.  

 
Applying the combined hardness and tensile information to the liner application suggests 
that, in situations of uniformly high lateral restraint, such as are characteristic of the liner, 
plastic deformation would be expected to concentrate slightly, but not severely, in the 
heat affected zones adjacent to the welds. Tearing would typically occur adjacent to the 
welds, but only after substantial amounts of plastic deformation had occurred throughout 
the structure (contrary to the observation that liner tearing occurred following only ~0.4% 
global strain). The presence of offsets in the welds might cause a modest, but not 
dramatic, increase in the tendency for strain localization adjacent to the welds.  
 
In summary, the mechanical testing results did not suggest that deficiencies in the 
properties of either the base metal or weld metal, nor excessive softening in the weld heat 
affected zones could account for the extensive localized plastic deformation culminating 
in tearing that appeared to have occurred in the liner.  
 
The Sandia tensile tests also provided an opportunity to determine the effects of 
geometric and stress state variables on reduction of thickness at the point of fracture. 
Broken tensile bars corresponding to all three sets of conditions were metallographically 
mounted, ground, and polished, permitting characterization of deformation-induced 
reduction in thickness at the failure location (as well as a function of distance from the 
failure). Micrographs of these cross sections are shown in figures 45 to 48. The sample 
thicknesses at the points of failure were measured using a calibrated scale internal to the 
metallograph. These are tabulated in Table 4. The reductions in thickness at the point of 
failure were found to be remarkably constant, regardless of variations such as proximity 
to the weld, degree of lateral constraint, or extent of weld offset. The average thickness at 
the point of fracture was 51% of original thickness, with a standard deviation of only 
2.6%. The consistent 49% deformation-induced reduction in thickness proved to be very 
useful in assessing the amounts of grinding that had been done at the tear locations in the 
liner, as described in the next section.  
 
Measurements were also made of the amounts of thinning that occurred in the offset 
welded samples on the opposite sides of the weld from the fracture. While necking 
occurred only on the sides where failure eventually occurred, the opposite sides were 
presumably approaching the point of incipient necking and tensile instability. These 
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samples exhibited an average of 12% maximum reduction in thickness in this region. 
This is in good agreement with the average observed uniform elongation of 12% to 13% 
(Table 4). It would be expected, then, that weld regions should plastically thin 
approximately 12% to 13% prior to the onset of non-uniform deformation. Liner regions 
that have plastically thinned substantially more than this might reasonably be thought to 
have begun to neck, hence to be approaching the point at which tearing could occur.  
 
 
Metallographic Examination of Cross-Sections Through Tears: 
Sections surrounding a number of the tears were removed from the liner for more detailed 
examination. These samples were selected to represent a wide range of the 
macroscopically observed variations, i.e., tear size, proximity to weld fusion line, 
proximity to structural features, horizontal welds, and anchors; visually apparent extent 
of repair welding and associated grinding, and nearby back-up bar geometry. The only 
unique tears that were not removed were numbers 3, 5-1, and 5-2 around the feedwater 
penetration. These were deemed too difficult to remove, as well as too difficult to repair 
in the event of a decision to retest the structure.  
 
Metallographic examination was performed on cross-sections of samples from these 
regions. The cross-sections were taken near the midpoint of each tear, presumably near 
where each tear initiated. In cases where grinding was visually apparent near the tear 
midpoint the cross-sections were taken where the grinding appeared to be most severe. 
The locations where these cross-sections were taken and the surrounding details are 
shown in Figures 49 to 63. The samples were mounted, polished, and etched with a 
combination of 2% nital and Vilella’s reagent to reveal the microstructure of the fusion 
zone, the surrounding heat affected zone, and the base metal. 
 
The fracture surfaces of two samples (#12 and #14-2) were also examined by scanning 
electron microscopy. These fracture surfaces, shown in Figures 64 and 65, exhibited 
100% microvoid coalescence, similar to the ductile fracture surfaces observed on the 
tensile bars, confirming that liner tearing occurred by ductile fracture in association with 
localized plastic deformation.  
 
The metallographic results are summarized in Tables 6 and 7. Photographs of selected 
areas surrounding the tears are also shown in Figures 66-83. However, complete 
metallographic characterization of the tear regions required observation at various 
magnifications of regions as far as several centimeters on either side of the tear. It was 
not practical to include all of this information photographically. Hence, Tables 6 and 7 
summarize the most important metallographic observations made surrounding each tear. 
 
All of the welds, with the exception of the weld at tear #1, were found to be sound, and 
the microstructures of the base metal, heat affected zones, and fusion zones were similar 
to those seen in the weld test panels, as described previously. Localized plastic 
deformation was observed in conjunction with all of the tears (except the initiation area 
of tear #1), similar to what was observed in the tensile samples. Tearing was not found to 
be associated with any particular microconstituent, but occurred in various 
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microstructural regions, including the recrystallized fusion zones of previous welds, the 
coarse and fine-grained regions of weld heat affected zones, and the base metal.  
 
Estimates of the amounts of grinding associated with each tear were obtained based on 
the previously described knowledge that ~ 49% reduction in thickness occurs due to 
plastic deformation prior to fracture. The method used is illustrated in Figure 84. The 
liner thickness at each tear location was measured using a calibrated scale internal to the 
metallograph. This tear thickness was then divided by 0.51 to obtain the local pre-
deformation thickness at/near each tear location. This pre-deformation thickness was 
subtracted from the initial liner thickness to determine the amount of material removed 
by prior grinding. Finally, the amount of material removed by grinding was divided by 
initial liner thickness to determine the percentage of grinding-related thickness reduction 
associated with each tear initiation site. These results are given in Tables 6 and 7. These 
percentages of original liner thickness removed by grinding are estimated to be accurate 
to +/- 5% absolute, i.e., 40% grinding implies 35% to 45%. 
 
Two additional methods were used to confirm these estimates in selected cases, as 
illustrated in Figure 84. The amounts of grinding deduced from these two additional 
methods are also included in Tables 6 and 7.  
 
First, in a number of samples where tearing occurred very close to the weld fusion line, 
the liner thickness immediately next to the thick undeformed weld bead provided a 
reasonable estimate of the original post-grinding thickness at the (nearby) tear site. 
Grinding reductions obtained by this method are also estimated to be accurate to +/- 5% 
absolute. Consistent with this, no discrepancies greater than 10% were found between the 
estimates obtained by this method and the primary method, described in the previous 
paragraph. 
 
Second, in some samples banding (a manifestation of chemical segregation patterns in the 
original ingot which have been elongated by the plate rolling process) was continuously 
or semi-continuously apparent from near the tear location back into the unground base 
metal. These bands are always parallel to the free surfaces of the rolled plates. Hence, 
locations where the edges of the cross-sectioned samples were at slight angles to these 
bands represented regions where the liner surfaces had been tapered by grinding. By 
following the bands from the tear location back into the unground base metal it was 
possible to estimate the amount of material that had been ground off of each side of the 
plate. This method was judged to be less accurate than the previous two methods because 
of the inherent imprecision in following bands over what was frequently a substantial 
distance from the tear to the unground portion of the plate. As a result, estimates obtained 
by this method were judged to be accurate to only +/- 10%. Consistent with this, larger 
discrepancies were found between the estimates obtained by this method and those 
obtained by the previous two methods. However, with the exception of tear #9, no 
discrepancies in excess of 15% were observed. 
 
Examination of Tables 6 and 7 reveals that the estimated amounts of grinding obtained by 
all three methods are in reasonable agreement. Furthermore, it can be seen that, with the 
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possible exception of tear #12, at least 25% of the original liner thickness had been 
ground off in all locations where the tears initiated. This provides a strong indication that 
liner thinning due to grinding predisposed severely ground areas surrounding repair 
welds to plastic strain localization and tearing during testing of the model. 
 
Descriptions of Specific Free-Field Tears: 
 
Tear #1: Tear #1 was distinct from all other tears in that it initiated at a weld defect. Tear 
#1 is described in Tables 1 and 6, and pictured in Figures 2, 19, 49, 66 and 67. At its 
midpoint (presumably the initiation site), the tear was oriented at 90 degrees to the 
primary tensile stress and there was no microstructural indication of plastic deformation 
having preceding fracture (Figure 66). Detailed examination of the fracture profile in the 
initiation region revealed that the surface was covered with a foreign substance, perhaps 
residue from the primer paint (too dark to be seen in Figure 66) – this indicated that 
welding had failed to completely melt and join the adjacent pieces in this area. The 
microstructure on opposite sides of the tear were distinctly different: recrystallized fusion 
zone from the original weld on the repair weld side, and unaltered heat affected zone 
from the original weld on the opposite side. No effort was made to remove the surface 
residue to permit SEM examination of the underlying surface. It seems clear, however, 
that this represented a weld defect, likely a lack-of-fusion defect similar to the one seen in 
one of the welded tensile bars. Assuming that no plastic deformation occurred adjacent to 
this defect, the measured thickness indicated that 22% of the liner thickness had been 
ground off in this area. 
 
As a check, an additional cross-section was polished ~2 cm down the tear from the 
initiation site, at a location removed from the weld defect (the opposite edge of the cross-
section sample, shown in Figure 49). This cross-section is shown in Figure 67. The tear 
appeared quite different in this location: a predominantly 45 degree shear failure 
accompanied by substantial local plastic deformation. This clearly represents a region 
where the tear had propagated into sound metal after having been initiated at the nearby 
weld defect. The amount of grinding estimated from the deformation-reduced thickness at 
the tear in this location was ~20%, in excellent agreement with the 22% measured in the 
undeformed area adjacent to the weld defect. 
 
Tears #2-1, 2-2, 2-3: These tears are described in Tables 1 and 6, and pictured in Figures 
3, 20, 50, 51, 52, 68, 69 and 70. They occurred along a vertical field weld that had 
undergone numerous overlapping repairs. The repeated repair welding resulted in a band 
as wide as 3 cm consisting largely of weld metal, much of which had been re-austenitized 
and recrystallized from the heat associated with subsequent welds. Extensive grinding 
was visually apparent over a broad area on either side of the tears (Figures 20, 50, 51 and 
52). Immediately adjacent to tear #2-1 a small section of plate remained attached to the 
massive weld bead (Figure 68), permitting direct measurement of the residual thickness 
after grinding, as illustrated in Figure 84. Sufficiently continuous banding was apparent 
in #2-2 and #2-3 to permit grinding reduction to be estimated from the tapering of the 
ground surface with respect to these bands. In all three cases the amounts of grinding 
inferred by the three different methods were in reasonable agreement with one another, 



  

PCCV Liner Metallurgical Evaluation L-15  

thus confirming the validity of the primary method based on reduced thickness at the tear 
location. Grinding had reduced the thickness by 45% or more in the regions where each 
of these tears occurred, enough to cause complete plastic strain localization culminating 
in ductile tearing when the structure was tested. 
 
Another distinguishing characteristic of this weld was the large number of short segments 
of back-up bar resulting from repetitive repair of this joint (Figures 3, 50 and 51). In 
addition to being short, three different cross-sections of back-up bar were used. These 
included sections of 3 mm x 13 mm, 3 mm x 19 mm, and 6 mm x 25 mm. Metallographic 
and hardness measurements on various portions of back-up bar showed ferrite and 
pearlite microstructures ranging from RB 62 to RB 70. It was not clear whether these 
back-up bar variations contributed significantly to tearing in this area or others.   
 
Tears #4-1 and 4-3: These tears are described in Tables 1 and 6, and pictured in Figures 
4, 21, 53, 54, 71 and 72. The joint along which these tears formed was somewhat unusual 
in that no back-up bar was present (either the weld had been made with no back-up bar, 
or the back-up bar was later completely ground off). This joint was otherwise similar to 
#2, i.e., one where numerous overlapping repairs had been made, resulting in a band as 
wide as 5 cm consisting largely of weld metal, much of which had been re-austenitized 
and recrystallized. Other than the unusual number of overlapping repair welds, the 
metallography revealed no distinguishing features associated with the tears. As with tear 
#2, grinding had reduced the liner thickness by approximately 45% in the regions where 
each of these tears occurred, enough to cause complete plastic strain localization and 
ductile tearing when the structure was tested. 
 
In addition, a parallel repair weld approximately 25 mm in from the primary weld near 
tear #4-3 clearly represented an area in which the liner had been inadvertently breached 
as repair-associated grinding was being done, and had itself been repair welded. The 
appearance of this and other similar areas in which liner “grind-through’s” had been 
repair welded confirmed that grinding done in conjunction with repair welding had, in 
some areas, removed substantial portions of the adjacent liner, resulting in extensive liner 
thinning and, in some areas, liner penetration requiring additional repair. 
 
Tear #6-2: This tear was examined as a proxy for four tears, 6-1, 6-2, 11-1, and 11-2, 
which all occurred along the left-hand side of the same vertical field weld. They are 
described in Tables 1 and 6, and pictured in Figures 5, 6, 22, 23, 24, 55 and 73. While 
ultrasonic thickness measurements failed to detect a great deal of thinning adjacent to this 
tear, far greater thinning was observed below the end of the tear (Figure 23). The 
metallographic cross-section showed that highly localized grinding had been done on the 
exterior side adjacent to the edge of the back-up bar. This resulted in a narrow band of 
thinned material immediately next to the back-up bar, consistent with the ultrasonic 
measurements. The other distinguishing aspect of these tears was the unusually large 
number of short back-up bar segments along this weld (Figures 5 and 6). While 
metallography indicated a single repair weld in sample #6-2, the number of back-up bar 
segments attests that numerous/repeated repairs had been made at various heights along 
this joint. It is not clear whether the large number of short back-up bar segments 
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contributed to tearing. However, approximately 33% of the original liner thickness had 
been ground off in this region, enough to cause complete plastic strain localization and 
ductile tearing when the structure was tested. 
  
Tear #8-1: This tear is described in Tables 1 and 6, and pictured in Figures 7, 25, 56 and 
78. It represented a tear that occurred in an area where a segment of back-up bar had been 
left missing during repair welding. This may have exacerbated strain localization in this 
region, but the estimated 30% grinding reduction of liner thickness observed in this area 
was, by itself, likely sufficient to cause severe plastic strain localization and subsequent 
ductile tearing. 
 
Tear #8-2: Tear #8-2 is described in Table 1 and 6, and pictured in Figures 26, 57 and 75. 
It was unique in that it occurred relatively distant from the weld in an area where 
macroscopic examination revealed evidence of substantial grinding (Figure 26), but no 
apparent repair weld. Metallographic examination revealed, however, that at least two 
repair welds had been made adjacent to the vertical joint, apparently to repair an 
inadvertent “grind-through” made in association with repairs on the main weld. 
Following repair of this “grind-through”, the weld bead of this repair had been ground off 
from both front and back sides, leaving no obvious evidence of this defect having been 
made or repaired. However, this grinding reduced the wall thickness in the repaired 
“grind-through” area by approximately 60%, resulting in severe localization of plastic 
deformation culminating in ductile tearing when the structure was tested.  
 
Tear #9: This tear is described in Tables 1 and 6, and pictured in Figures 8, 27, 58 and 76. 
It represented a typical repair welded joint far from either anchors or horizontal stiffeners. 
In other respects it was similar to tear #6-2, one where a narrow band of thinning resulted 
from heavy grinding adjacent to the back-up bar, and where numerous back-up segments 
indicated a series of repairs at various heights along a vertical field weld. Metallographic 
examination revealed no unusual microstructural features. While this sample showed the 
greatest discrepancy in percent grinding estimated by different methods, all methods 
indicated that sufficient grinding had been done to cause substantial strain localization 
and ductile tearing when the structure was tested. Approximately 40 to 45% thinning 
appears to have been done by grinding based on two of the three estimation methods. 
 
Tear #10: This tear is described in Table 1 and pictured in Figures 9 and 28. No 
metallographic sample was taken in this region because this tear was similar in most 
respects to #8-1. 
 
Tears #14-1 and 14-2: These tears are described in Table 1 and pictured in Figures 10 and 
29. No metallographic samples were taken in this region because these tears were similar 
in many respects to #8-1. SEM fractography showed that tearing occurred by microvoid 
coalescence (Figure 65). 
 
Tear #16: This tear is described in Table 1 and pictured in Figures 11 and 30. It formed 
distant from the vertical field weld in an area where no grinding or repair of this weld 
were macroscopically apparent. Back-side photographs, however, showed a missing 
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segment of back-up bar in a horizontal field weld, apparently where a repair had been 
made in this weld (Figure 11). This missing segment of horizontal back-up bar reduced 
the circumferential stiffness in this area, providing for plastic strain localization and 
tearing. Comparison of front and back-side photographs (Figure 11) indicated that the 
tear began at the termination of the horizontal back-up bar, then propagated down 
through the “rat-hole” in the horizontal stiffener, and along the vertical field weld. The 
cause of this tear was macroscopically apparent, so no metallography was done on it.    
 
Tear #17: This tear is described in Tables 1 and 6, and pictured in Figures 12, 31, 59, 77 
and 78. It represented one that occurred along a relatively isolated single repair weld. As 
was the case with several vertical welds in the vicinity of the feedwater and main steam 
penetrations, the original weld appeared to have been made without any back-up bar (or 
the back-up bar was subsequently ground off). Macroscopic observation suggested that 
the repair had been made by grinding off the weld bead on the back side, then making a 
repair weld on the front side (the inside of the liner). The metallographic cross section 
revealed a much more complex sequence of grinding and repair welding. While the 
specific order of events could not be deduced, it was clear that multiple side-by-side 
repair welds had been made in this region. Substantial grinding had been done on both 
the inside and outside of the liner in association with these repairs. The net result was that 
the portion of the liner adjacent to the final repair weld was thinned more than 70%. 
Failure occurred in this thinned region due to plastic strain localization culminating in 
ductile tearing. 
 
 Descriptions of Specific Feature-Associated Tears: 
 
Tears #3 and 5-1: These tears are described in Table 2 and pictured in Figures 13 and 14. 
They occurred along opposite ends of the feedwater penetration transition weld, i.e., in 
areas that were mirror images of one another. No metallographic samples were taken 
from these regions because their locations made removal difficult and because repair 
would be difficult in the event a decision was made to retest the structure. The fact that 
tear #3 was substantially larger than tear #5-1 may have resulted from more extensive 
grinding and weld repair on this end of the transition. On the other hand, it could also 
have been exacerbated by a difference in horizontal stiffener terminations revealed by the 
back-side photographs. At #3 the horizontal stiffener ends very close to the transition 
weld (within 1 cm – see Figure 13), creating a very limited length of low stiffness, hence 
a region of potentially very high strain localization. At #5-1 the horizontal stiffener ends 
much farther from the transition weld (~10 cm – see Figure 14), thus providing a longer 
length of low stiffness over which the local strain could distribute, (i.e., lower strain 
localization). 
 
Tear #5-2: This tear occurred along a vertical weld slightly above #5-1. No 
metallographic samples were taken for the same reasons mentioned above. However, the 
back-side photographs (Figures 13 and 14) revealed a significant difference between the 
region in which tear #5-2 occurred and the corresponding mirror image region at the 
opposite end of the feedwater penetration transition. At one end there was a vertical weld 
in the high strain region between the nearest concrete anchor and the stiff feedwater 
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transition – tear #5-2 formed along this weld. At the opposite end, no vertical weld was 
present in the corresponding high strain region and no tearing occurred.  
 
Tears #7 and 15: These tears occurred near the lower and upper corners of the equipment 
hatch transition joint, respectively. They are described in Tables 2 and 7, and pictured in 
Figures 15, 16, 32, 33, 60, 61, 79, 80 and 81. Acoustic monitoring suggested that initial 
tearing occurred in the vicinity of this transition joint. While this transition represented a 
region where complex stresses and high local strains were expected, liner thinning 
resulting from grinding done in association with repair welding was also substantial in 
the areas of these tears: 25% to 30% at tear #7 and ~ 50% at tear #15. This thinning 
undoubtedly exacerbated plastic strain localization and tearing in these areas, however, it 
is likely that high strains at this transition also contributed to tearing. No unusual 
microstructural features were observed in the vicinities of these tears.  
 
Tears #12 and 13: These tears also occurred along the equipment hatch transition joint, 
but near its midpoint, rather than the corners. They are described in Tables 2 and 7, and 
pictured in Figures 17, 18, 34, 35, 62, 63, 64, 82 and 83. Both formed near horizontal 
field welds and the associated “rat-hole” discontinuities in horizontal stiffeners, although 
back-side photographs indicated that patches were welded in between the adjoining 
stiffener segments, minimizing strain localization in these regions (unless the welds at the 
ends of these patches failed). Evidence of ~30% thinning from grinding was found at tear 
#13. 
 
The extent of thinning from grinding was much less clear in the vicinity of tear #12. 
Little evidence of grinding or weld repair was macroscopically apparent on either the 
front or back side. Consistent with this, ultrasonic thickness measurements indicated 
~22% thinning approximately 5 mm adjacent to this tear (Figure 34), only slightly greater 
than the amount expected based on cross-sections of the tensile samples (Figures 45 to 
48). Consistent with this, metallographic observation of the portion on the side of the tear 
where the ultrasonic measurements had been made indicated only a small amount of 
grinding, ~10%.. However, the opposite side (adjacent to the weld fusion zone) showed a 
different and thinner section at the tear location, suggesting ~27% reduction by grinding. 
Microstructural observation of the weld failed to unequivocally reveal whether a repair 
weld had been made in this area. The fusion zone was wider (~8 mm) than most initial 
welds, suggesting that a repair had been made. But no evidence remained of the previous 
weld – perhaps the initial fusion zone had been completely ground out prior to repair or 
the repair weld had completely consumed it – this was observed in several other areas 
where it was macroscopically apparent that repair welds had been made. Tear #12 may 
be the one most likely to represent a “true structural effect”, i.e., to not have resulted from 
excessive grinding, backing bar abnormalities, or weld defects. However, there is a 
substantial degree of uncertainty regarding the amount of thinning from grinding in the 
vicinity of this tear. 
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Metallographic Examination of Cross-Sections Through Welds Where Substantial 
Plastic Deformation But No Tearing Occurred: 
  
In addition to the tear regions, metallographic cross-sections were also taken from several 
regions where there was evidence of substantial localized plastic deformation, but where 
no tearing had occurred. Samples 18-1 and 18-2 were across a vertical field weld that 
exhibited substantial buckling and “orange peel” evidence of localized plasticity. This 
weld was in the region between the equipment hatch transition and the air lock, where the 
largest amounts of buckling and tearing were observed. It had been initially made and 
subsequently repaired from the front side (inside of the liner), but no back-up bar had 
apparently been used in making either the initial or repair weld. 18-2 contained a single 
isolated repair weld and a modest amount of associated grinding, while 18-1 was a 
nearby region with no apparent grinding or repair weld. Samples 24-1 and 24-2 
represented a region with no apparent grinding or repair welds, but where the highest 
liner strains were recorded by strain gauges during the test (~7% strain). This weld was 
near the edge of a buttress, where substantial buckling was observed. 24-2 was taken near 
the intersection of horizontal and vertical field welds within a “rat-hole” region in a 
horizontal stiffener. 24-1 was along the same vertical field weld, but above the horizontal 
weld and stiffener. The locations where these samples were taken and surrounding details 
are shown in Figures 85 to 88. Metallographic observations made on these samples are 
shown in Figures 89 to 92 and summarized in Table 8. 
 
Region #18-1 and 18-2: The observations made in these areas are described in Table 8 
and pictured in Figures 36, 85, 86, 89 and 90. The cross-section of #18-1 (Figure 89) 
showed that a modest amount of localized plastic deformation had occurred adjacent to 
the weld on both sides of the fusion zone. The greatest amount of deformation thinning 
occurred in the HAZ near the fusion line (13% on one side, 9% on the other side – note 
that these amounts of thinning are consistent with the ultrasonic thickness measurements, 
shown in Figure 36). Approximately 5% thinning was uniformly observed over a ~15 
mm wide band in the adjacent base metal. Thinning then tapered out gradually to zero 
over the next ~15 mm. The amount of thinning in the HAZ is in the vicinity of the 12% to 
13% required for the onset of necking, as was determined from analysis of the welded 
tensile samples. However, considerable additional local deformation would be required 
before tearing would be expected to occur. Consistent with this, no evidence of void 
formation or shear banding, which would be indicative of incipient failure, was observed. 
 
The cross-section of #18-2 revealed substantially more thinning, 42% on one side of the 
weld and 31% on the other side (Figure 90). However, it was clear that a substantial, but 
not quantifiable, amount of this thinning was due to prior grinding, rather than simply to 
plastic deformation during testing. While considerably higher levels of localized plastic 
deformation would be expected in these previously ground areas, no evidence of 
substantial necking or incipient tearing was apparent. This suggests that, while necking 
may begin after only 12% to 13% local thinning, considerably more localized 
deformation must be accommodated prior to the onset of tearing. 
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Regions #24-1 and 24-2: These regions are described in Table 8 and pictured in Figures 
87, 88, 91 and 92. Sample #24-2 was taken in the “rat-hole” region immediately between 
the ends of the bridged horizontal stiffeners. This sample was sharply bent, attesting to 
the complexity of the stresses in this region. The sample exhibited a maximum of at least 
20% thickness reduction on one side of the weld and ~14% thickness reduction on the 
opposite side of the weld (Figure 91). Presumably, the strain gauge in this area recorded 
only 7% strain because it was not co-located with the point of peak local strain. 
Thicknesses change rapidly with position in this region, implying much lower strains 
within several millimeters of the point of maximum thickness reduction.  
 
Significant depressions were present on both inner and outer surfaces at the point of 
minimum thickness. It is likely that these represented the early stages of necking; this 
would be expected based on the fact that thinning clearly exceeded the 12% to 13% 
required for the onset of necking. Precise measurement of maximum reduction was 
compromised by a very irregular surface and large non-metallic particles at the base of 
one of these depressions – this may represent a surface defect in the plate. The maximum 
reductions in thickness were observed in the weld heat affected zones, then tapered out 
with increasing distance into the base metal. As in regions 18-1 and 18-2, however, there 
was no evidence of void formation or shear banding, which would be indicative of 
incipient tearing. This supports the previous contention that considerably more localized 
deformation must occur following the onset of necking before localized deformation 
culminates in tearing. 
 
Sample #24-1, taken some distance away from the horizontal stiffeners, exhibited 6% and 
5% maximum thickness reduction of opposite sides of the weld. These maximum 
reductions occurred in the HAZs, and tapered to zero over approximately 10 mm in the 
adjacent base metal. 
 
The fact that peak strain in #24-2 was several times that in nearby #24-1 may indicate 
that much more complex stresses and considerably higher local strains can occur in the 
“rat-hole” regions associated with horizontal stiffeners. While no general tendency was 
observed for tears to form in these regions, it is possible that in a limited number of cases, 
the patches that bridged between stiffeners on opposite sides of the vertical field welds 
failed. This would most likely occur by failure of one of the welds joining the patch to the 
adjacent stiffeners. Such failures would dramatically decrease stiffness in the “rat-hole” 
region, thus causing severe strain localization. It may be possible that this is what 
occurred in the region of #24-2. It may also be possible that this also occurred near tear 
#12, which was also in a “rat-hole” region. This may help explain why tear #12 occurred 
in a region where little or no weld repair or grinding had been done. Unfortunately, the 
“rat-hole” patches and associated welds were buried in the concrete, so this possibility 
could neither be confirmed nor refuted.  
 
In summary, it is clear that localized plastic deformation also occurred in the heat 
affected zones adjacent to some welds that had not been repaired or ground, particularly 
those in regions of high local or global strain. While these amounts of localized plasticity 
were considerably lower than those associated with tearing, the necking threshold was 
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likely exceeded in the most severe cases. No evidence of incipient tearing was observed 
in these areas, however, and it appears that a substantial amount of additional local 
deformation must occur following the onset of necking before this culminates in tearing. 
 
 
Conclusions: 
• Nearly all of the tears occurred in areas where the liner thickness had been reduced 

~25% or more by grinding done in association with repair welding. Extensive 
localized plastic deformation culminating in ductile tearing occurred in these thinned 
areas as the structure was being tested. This appears to have been the most prevalent 
cause of liner failure. 

• Geometric features may also have contributed to the formation of some tears. These 
include structural transitions, such as those at the feedwater penetration and the 
equipment hatch transition boundaries, discontinuities in horizontal stiffeners, and 
discontinuities in weld back-up bars. A missing segment in a horizontal back-up bar 
appears to have been primarily responsible for one tear (#16). 

• Only one tear occurred in association with a material or weld defect: a lack-of fusion 
weld defect was found at the initiation site of tear #1. 

• The specially produced quarter-scale liner material exhibited mechanical properties 
that may have made it particularly prone to plastic strain localization and tearing. 
While nearly conforming to the specifications for full-thickness material, the quarter-
thickness plate exhibited a yield strength much higher than the specified minimum 
(383 MPa compared with 225 MPa) and an unusually high yield to ultimate strength 
ratio (0.77). This high YS/UTS ratio is qualitatively consistent with extensive 
localized plastic strain culminating in ductile tearing occurring in regions where more 
than ~25% of the liner thickness had been ground off, as was observed near most of 
the tears. 

• Tensile and hardness tests on welded test samples indicated that modest amounts of 
plastic strain localization should be expected in the weld heat affected zones, but to a 
much lesser extent than was observed in association with the liner tears. Consistent 
with this, smaller but significant amounts of localized plastic strain were observed 
adjacent to some welds that had not been repaired or ground. These strains were 
sufficient to initiate necking in the most severely strained regions. However, with the 
possible exception of tear #12, there was no indication that tearing was imminent in 
regions other than those where repair welding and substantial grinding had been done. 

 
 
Acknowledgements: Several others contributed to this effort. We appreciate the 
assistance of Garry Bryant and Carlos Velasquez with metallography, Tom Crenshaw 
with tensile testing, and Gary Zender with SEM fractography. 
 
References: 
1. 1998 ASME Boiler and Pressure Vessel Code, Code for Concrete Reactor Vessels 

and Containments, Table CC-4523-1, Maximum Allowable Offsets In Final Welded 
Joints, p. 103. 



  

PCCV Liner Metallurgical Evaluation L-22  

2. 1998 ASME Boiler and Pressure Vessel Code, Code for Concrete Reactor Vessels 
and Containments, Section CC-4542, Specifically CC-4542.2, p. 108. 

3. 1998 ASME Boiler and Pressure Vessel Code, Code for Concrete Reactor Vessels 
and Containments, Section CC-4542.5, Specifically CC-4542.2, p. 116. 

4. Japanese Industrial Standard JIS G 3118, Carbon Steel Plates for Pressure Vessels for 
Intermediate and Moderate Temperature Service, 1987. 

5. ASM Handbook, 10th Edition, Volume 1, Properties and Selection of Irons, Steels, 
and High-Performance Alloys, 1990, p. 230. 

6. Metals Handbook, 8th Edition, Volume 1, Properties and selection of Metals, 1961, p. 
1235. 

7. ASM Metals Handbook Desk Edition, 1998, p. 73. 
8. Welded Joint Tensile Test Results of PCCV Liner Welding Re-confirmation Test, 

MH-K9-43. 



  

PCCV Liner Metallurgical Evaluation 

Tables 
 

Table 1. Macroscopic Descriptions of Free Field Tears 
 

Tear 
No. 

Tear 
Length 
(cm) 

Distance 
From 

Fusion  
Line 

(mm) * 

Distance 
From 

Horizontal 
Weld 
(cm) # 

Distance 
From 

Concrete 
Anchor 

(cm) # ** 

Visually 
Apparent 
Extent of 

Repair 
Welding  ## 

Visually 
Apparent 
Extent of 

Grinding ## 

Back-up 
Bar 

Description 
In Repair 

Area 
1 4 0 Midway 8 (46) Single isolated 

repair 
Moderate Several long 

patched segments 
2-1 8 * Midway 37 (46) Extensive & wide Extensive Several patches of 

various sizes 
2-2 8 *  Midway 37 (46) Extensive & wide Extensive Many patches of 

various sizes 
2-3 18 * 6 37 (46) Extensive & wide Extensive Long patched 

segment 
4-1 11 * 

(both sides,  
crosses final  

weld) 

Midway Midway 
(15) 

Extensive & wide 
 

Extensive No back-up bar 
on original or 
repair welds 

4-2 4 * Midway Midway 
(15) 

Extensive & wide 
 

Extensive No back-up bar 
on original or 
repair welds 

4-3 14 * 5 Midway 
(15) 

Extensive & wide 
(Separate repair 
to side of main 
weld – repair of 

“grind-thru” 

Extensive No back-up bar 
on original or 
repair welds 

L-23 
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6-1 10 2 to 3 0 (Crosses 

shop weld 
without 

back-up bar) 

38 (46) Moderate to 
Extensive 

Moderate to 
Extensive 

Several patches of 
various sizes 

6-2 7 2 to 3 Midway 38 (46) Extensive Extensive Numerous short 
patched segments 

8-1 6 0 to 1 Midway Midway 
(46) 

Moderate Moderate Segment missing 
in tear region 

8-2 4 10 Midway Midway 
(46) 

None apparent Extensive Long (apparently 
original) segment 

9 13 0 to 5 Midway Midway 
(46) 

Extensive Extensive Several patches of 
various sizes 

10 1-1/2 0 to 1 Midway 8 (46) Extensive Extensive Segment missing 
in tear region 

11-1 10 2 to 3 8 38 (46) Extensive Extensive Many patches of 
various sizes 

11-2 6 2 to 3 0 (Begins at 
shop weld 

without 
back-up bar) 

38 (46) Extensive Extensive Many patches of 
various sizes 

14-1 8 0 to 3 0 (Begins at 
field weld 
w/missing 
segment of 

back-up bar) 

Midway 
(46) 

Extensive Extensive Segments in both 
vertical & 

horizontal back-
up bars missing in 

tear region 
14-2 13 0 to 3 8 Midway 

(46) 
Extensive Extensive Segment missing 

in tear region 

L-24 
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16 8 13 to 25 0 (Crosses 

field weld 
w/missing 
segment of 

back-up bar) 

38 (46) No repair evident 
in vertical weld, 

but repair in 
horizontal weld 

Little or none 
apparent 

Weld repair in 
horizontal weld 

left ~4 cm 
segment of back-

up bar missing 
17 3 0 Midway Midway 

(15) 
Single isolated 

front-side repair 
to original weld 
made on back-

side 

Extensive No back-up bar 
on original or 
repair welds 

 
* Tears #2 and #4 occurred where numerous overlapping repair welds had been made, resulting in a wide band of weld metal. 
#  “Midway” implies that tear was distant from horizontal welds and/or anchors, not that centerline of tear was quantitatively 

equidistant from adjacent features. 
 ** Number in parentheses indicates spacing of anchors in region of tear (in cm) 
## Qualitative extent of repair welding or grinding based on visual observation. Subsequent more detailed examination of 

metallographic cross-sections showed that these visual estimates were sometimes misleading. 
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Table 2. Macroscopic Descriptions of Feature-Associated Tears 
 

Tear 
No. 

Tear Description Apparent Extent of Grinding 
& Weld Repair * 

Structural Features With Potential for 
Causing Strain Localization 

3 >15 cm long tear ~3 mm from fusion 
line of transition weld of liner to 

feedwater penetration 

Fairly extensive weld repair & 
grinding in this area 

Horizontal stiffener ends very close to 
transition weld, creating high potential 
for strain localization in region where 

tear occurred (compare with less 
severe mirror image, tear #5-1). 

5-1 ~4 cm long tear ~6 mm from fusion 
line of transition weld of liner to 

feedwater penetration (mirror image of 
region near tear #3) 

Little or no evidence of weld repair or 
grinding in this area 

Similar to, but less severe than 
situation at tear #3 – horizontal 

stiffener ends ~10 cm from transition 
weld, providing a less severe potential 

for strain localization. 
5-2 ~8 cm long tear along vertical field 

weld above tear #5-1 
Appears to be front-side repair to 

original back-side weld in this area 
(perhaps similar to nearby tear #17) 

Vertical field weld between concrete 
anchor and feedwater transition creates 

potential for high strain in welded 
region. No comparable weld is present 

in the mirror image high strain 
location, where no tearing occurred. 

7 ~23 cm long tear along vertical weld 
near lower corner of equipment hatch 

transition 

Extensive weld repair & grinding in 
this area 

Several horizontal stiffeners end 
discontinuously in this region, creating 
high potential for strain localization.  

12 ~5 cm long tear along vertical weld 
between liner and equipment hatch 

transition. Tear crosses horizontal shop 
weld between “rat-hole” regions in two 

horizontal stiffeners  

Little or no repair welding or grinding 
apparent in this area  

 “Rat-hole” region of horizontal 
stiffeners could cause strain 

localization if patch-weld failed 
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13 ~9 cm long tear similar to #12, but at 

near next higher horizontal field weld. 
Tear midpoint near “rat-hole” region in 

horizontal stiffener 

Extensive grinding and ~10 cm long 
weld repair in region of tear 

“Rat-hole” region of horizontal 
stiffeners could cause strain 

localization if patch-weld failed 
 

15 ~10 cm long tear along vertical weld 
near upper corner of equipment hatch 

transition (similar to #7 at lower 
corner) 

Moderate to extensive grinding and 
weld repair. Plates appear to have been 

poorly aligned in this area, creating 
substantial weld offset. 

Two horizontal stiffeners end 
discontinuously in this area, creating 
high potential for strain localization.  

 
* Qualitative extent of repair welding or grinding based on visual observation. Subsequent more detailed examination of 

metallographic cross-sections showed that these visual estimates were sometimes misleading. 
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Table 3. Microhardnesses of Zones Surrounding Welds 
 

Zone Avg. Hardness * Std. Dev. UTS (ksi) ** UTS (MPa) ** 
Base metal 160 6.9 74.5 515 

Fine-grained HAZ 151 4.3 71 490 
Med-grained HAZ 154 3.4 72 495 

Coarse HAZ 164 6.8 76.5 525 
Fusion Zone 180 11.4 84 580 

Recrystallized fusion 
zone 

173 5.9 80.5 550 

 
* Vickers hardness, 100 gram load 
** UTS estimates from Ref. 6. Note that UTS estimates are based on conversion tables for hardness tests made with much heavier 

loads. As a result, the estimated UTS values should be taken only as approximations; they are useful primarily for comparing the 
expected relative strengths of the various regions, not the absolute strengths. For example, the 515 MPa estimated base metal 
strength is slightly higher than the 498 MPa value measured via tensile tests. The implication regarding the fine and medium 
grained portions of the HAZ are that their ultimate strengths are expected to be 20 to 25 MPa lower than the base metal. 
Similarly, the most important implications regarding the ultimate strengths of the virgin and recrystallized fusion zones are that 
they should be approximately 65 and 35 MPa higher than the base metal, respectively.    
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Table 4. Results of Tensile Tests Conducted at Sandia 
 

Sample YS (MPa) UTS (MPa) Uniform Elong (%) Total Elong (%) Thickness at 
Fracture  

(% of original)** 
      

Unwelded      
A1 395 520 15.8 31.3 - 
A2 376 512 16.4 30.6 - 
A3 418 530 15.7 31.1 48 

      
Welded, 

No Offset 
     

B1 409 528 12.2 16.6 * - 
B2 407 497 # 6.2 # 6.6 # 55 
B3 403 515 10.6 15.8 * - 

      
Welded, 

>25% Offset 
     

C1 375 520 12.8 16.3 52 
C2 350 519 12.7 16.3 50 
C3 371 518 12.9 17.2 - 

 
* Failed at or near extensometer knife edge: total elongation reported is artificially low 
# Failed at apparent weld lack-of-fusion defect 
** Average thickness at fracture location for all samples was 51% of original thickness; standard deviation was only 2.6% of 
original thickness regardless of substantial variations in samples and stress conditions (welded vs. unwelded, amount of lateral 
constraint, degree of weld offset). The 51% value was later used in conjunction with the thickness measured at each of the liner tears 
to determine the local liner thicknesses prior to tearing, and from this, the local amounts of liner material that had previously been 
removed by grinding. 
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Table 5. Summary of Tensile Properties of Material from Practice Weld Panels 
 

Description Yield Strength (MPa) Ultimate Strength (MPa) Uniform Elongation (%) Total Elongation (%) 
JIS Specification 225 (min) 410 to 490 - 21.0 (min) 
Unwelded (MHI) 383 498 - 33.0 
Welded (MHI) 379 505 - 18.8 

Unwelded (SNL) 396 520 16.0 31.0 
Welded – Plates Well 

Aligned (SNL) 
406 521 11.5* >16.0* 

Welded – 36% to 70% 
Weld Offset (SNL) 

365 518 12.8 16.6 

 
*  One sample failed prematurely at fusion line due to lack-of-fusion defect – 6.2% uniform elongation, 6.6% total elongation. Other 
two samples failed at extensometer knife edge distant from weld. Properties represent average of these two samples. Total elongation 
somewhat greater than measured with extensometer as part of necked regions were outside extensometer. 
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Table 6. Metallographic Descriptions of Free Field Tears 
 

Tear 
No. 

Weld Description Tear Description % Grinding 
Estimated 

from 
Thickness 
At Tear 

% Grinding 
Estimated 

from 
Thickness 
At Weld 

% Grinding 
Estimated 

From 
Banding 

1 Single repair weld overlapping original 
weld 

Initiated at lack of fusion defect, no 
evidence of plastic deformation at 
initiation site. Shear failure with 

localized deformation in second sample 
taken beyond weld defect 

20% 22%  

2-1 Multiple overlapping repair welds, 16 
mm total width  

Shear failure with localized 
deformation in medium to coarse 

grained HAZ 

61% 57%  

2-2 Multiple overlapping repair welds, 29 
mm total width 

Shear failure with localized 
deformation in partially recrystallized 

fusion zone 

46%  45% 

2-3 Multiple overlapping repair welds, 21 
mm total width 

Shear failure with localized 
deformation in fully recrystallized 

fusion zone 

64%  50% 

4-1 Multiple overlapping repair welds, 51 
mm total width 

Shear & tensile or bending failure with 
localized deformation in region 

containing both recrystallized and 
unrecrystallized fusion zone and coarse 

grained HAZ 

46%   

4-3 Two major welds, one ~25 mm from 
vertical joint – apparently repair of a 

“grind-thru” in liner wall   

Shear failure with localized 
deformation in coarse-grained HAZ 

44%   
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6-2 Single repair weld; original weld 

ground out prior to repair or completely 
remelted during repair 

Shear failure with localized 
deformation in medium grained HAZ 

33%   

 
8-1 Single repair weld overlapping original 

weld 
Shear & tensile or bending failure with 

localized deformation in partially 
recystallized HAZ 

30%   

8-2 Several welds, including one ~13 mm 
from vertical joint – apparently repair 

of a “grind-thru” in liner wall   

Shear failure with localized 
deformation mostly in recrystallized 

fusion zone 

61%   

9 Single repair weld; original weld 
ground out prior to repair or completely 

remelted during repair 

Shear failure with localized 
deformation in medium grained HAZ 

42% 44% 27% 

17 Multiple welds, one ~15 mm from 
vertical joint – apparently repair of a 

“grind-thru” in liner wall   

Shear failure with localized 
deformation through recrystallized 

fusion zone 

74% 82%  
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Table 7. Metallographic Descriptions of Feature-Associated Tears 
 

Tear 
No. 

Weld Description Tear Description % Grinding 
Estimated 

from 
Thickness 
At Tear 

% Grinding 
Estimated 

from 
Thickness 
At Weld 

% Grinding 
Estimated 

From 
Banding 

7 Two or more repair welds overlapping 
original weld 

Shear & tensile or bending failure in 
medium grained HAZ, likely a 

combination of tensile & bending 
stresses 

30%  25% 

12 Possibility of single repair weld; if so, 
original weld ground out prior to repair 
or completely remelted during repair. 
Definite evidence of grinding on both 
surfaces, but grinding does not appear 

deep 

Shear failure with localized 
deformation in base metal 

10% to 
27%* 

 10%* 

13 Single repair weld; original weld 
ground out prior to repair or completely 

remelted during repair 

Shear failure with localized 
deformation in medium to coarse 

grained HAZ 

31%  33% 

15 Single repair weld overlapping original 
weld 

Shear failure with localized 
deformation in coarse grained HAZ 

54%  50% 

 
 

*  The smaller estimates were based on examination of liner on opposite side of tear from weld. The larger estimate was based on the 
portion adjacent to the weld where thickness at the point of tearing was smaller.  

L-33 



  

PCCV Liner Metallurgical Evaluation 

Table 8. Metallographic Descriptions of Joints with No Tears 
 

Sample 
Number 

Joint Description Localized Strain / Thinning 

18-1 No repair weld, little or no evidence of grinding 13% maximum reduction in thickness. Minimum 
thickness in coarse-grained HAZ, gradual increase to full 

thickness over ~30 mm 
18-2 Single repair weld; original weld ground out prior to 

repair or consumed by repair. Some grinding prior to & 
following repair welding, but extent of grinding appears 

less than in most joints with tears 

Deformation localized in heat affected zones, but cannot 
be quantified due to unknown amount of prior grinding 

24-1 No repair weld or evidence of grinding 6% maximum reduction in thickness. Minimum thickness 
in HAZ, gradual increase to full thickness over ~15 mm 

24-2 No repair weld, little or no evidence of grinding ~ 20% maximum reduction in thickness. Minimum 
thickness in HAZ* 

 
* Local depressions were observed on both interior and exterior surfaces in the thinnest region. These may represent early stages of 
necking. Large non-metallic particles and very irregular surface features in one depression likely represent a surface defect in the 
plate. The ~20% thickness reduction discounts these embedded particles and very local pits on the one surface, but includes the more 
general depressions. 
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Figures 
 

 
Figure 1. Map showing approximate locations of tears. 

 
 

 
 
Figure 2. Photographs showing region of tear #1 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). The tear 
occurred under the wide segment of back-up bar near the top of the left-hand photograph, 
on the side closest to the anchor. 
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Figure 3. Photographs showing region of tear #2-3 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint).  
 

 
 
Figure 4. Photographs showing region of tear #4-1 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Separate tears 
began of opposite sides of the weld, eventually growing together through the fusion zone. 
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Figure 5. Photographs showing region of tear #6-1 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Tear #6-2 was 
along the same vertical weld, but distant from the horizontal weld and associated 
horizontal stiffeners. 
 
 

 
 
Figure 6. Photographs showing region of tear #11-2 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Tear #11-1 was 
along the same vertical weld, but distant from the horizontal weld and associated 
horizontal stiffeners. Tears #11-1 and 11-2 were along the same vertical weld as tears #6-
1 and 6-2. 
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Figure 7. Photographs showing region of tear #8-1 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Note missing 
segment of back-up bar in vicinity of repair weld and tear. 
 
 

 
 
Figure 8. Photographs showing region of tear #9 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). 
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Figure 9. Photographs showing region of tear #10 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Note missing 
segment of back-up bar in vicinity of repair weld and tear. 
 
 
 

 
 
Figure 10. Photographs showing region of tear #14-1 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Note missing 
segments of back-up bar in vicinity of repair weld and tear. 
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Figure 11. Photographs showing region of tear #16 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Note missing 
segment of back-up bar on horizontal weld in vicinity tear. 
 
 

 
 
Figure 12. Photographs showing region of tear #17 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). Note how weld 
bead is ground off on outside surface in vicinity of repair weld (made from inside of 
liner) and tear. 
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Figure 13. Photographs showing region of tear #3 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). 
 
  

 
 
Figure 14. Photographs showing region of tear #5 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). 
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Figure 15. Photographs showing region of tear #7 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). 
 
 

 
 
Figure 16. Photographs showing region of tear #15 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). 
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Figure 17. Photographs showing region of tear #12 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). 
 
 

 
 
Figure 18. Photographs showing region of tear #13 from outside of liner (left) (prior to 
concrete placement) and inside of liner (right) (prior to removal of paint). 
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Figure 19. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #1. 
 
 

 
 
Figure 20. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #2-2. Note the very wide region of repair welding and grinding. Note also that one 
measurement is greater than the initial plate thickness due to previous weld repairs. 
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Figure 21. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #4 (4-1, 4-2, and 4-3). 

 
 

 
 
Figure 22. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #6-1. 
 
 



  

PCCV Liner Metallurgical Evaluation L-46 

 
 
Figure 23. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #6-2. 
 
 

    
 
Figure 24. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #11 (11-1 and 11-2). 
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Figure 25. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #8-1. 
 
 

 
 
Figure 26. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #8-2. Note the extensive grinding extending distant from main weld. 
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Figure 27. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #9. 
 
 

 
Figure 28. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #10. 
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Figure 29. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #14 (14-1 and 14-2). 
 
 

 
 
Figure 30. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #16. Note distance of tear from vertical weld and extensive buckling above tear. 
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Figure 31. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #17. Note exceptionally thin areas adjacent to repair weld and tear. 
 
 

 
 
Figure 32. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #7. 
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Figure 33. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #15. 
 
 

 
 
Figure 34. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #12. 
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Figure 35. Liner thicknesses (in millimeters) measured ultrasonically in the vicinity of 
tear #13. 
 
 

 
 
Figure 36. Liner thicknesses (in millimeters) measured ultrasonically in region #18. 
Buckling and “orange-peel” evidence of substantial plastic deformation, but no tearing, 
was apparent in this area.  
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Figure 37. Microstructure of base metal in practice weld panel. Microstructure consists of 
ferrite (light) and pearlite (dark), typical of hot rolled carbon steel plate. Note the 
presence of chemical banding parallel to the rolling plane of the plate. 
 
 

 
 
Figure 38. Microstructure of fine-grained portion of heat affected zone (several 
millimeters from weld) in practice weld panel. Microstructure consists of ferrite (light) 
and pearlite (dark). Note that the chemical banding persists in this region, indicating that 
the material, while re-austenitized, had not been heated to a high temperature in the 
austenite region. 
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Figure 39. Microstructure of coarse-grained portion of heat affected zone (very close to 
weld) in practice weld panel. Microstructure consists of acicular ferrite (light) and 
pearlite (dark), typical of material that had been austenitized at high temperature and 
cooled fairly rapidly. Note that the chemical banding is no longer present in this region, 
indicating that the material had been heated to a high temperature in the austenite region. 
 
 

 
 

Figure 40. Microstructure of as-solidified fusion zone in practice weld panel. 
Microstructure consists of columnar prior austenite grains (characteristic of melted and 
resolidified material) that have transformed on cooling to ferrite and pearlite. 
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Figure 41. Microstructure of portion of fusion zone that has been re-austenitized during a 
second weld pass. Note that prior austenite grains have recrystallized, eliminating the 
columnar appearance, then  transformed on cooling to ferrite and pearlite similar in 
appearance to the fine grained portion of the heat affected zone, but without chemical 
banding. 
 
 

 
   
Figure 42. Scanning electron micrograph of fracture surface from tensile sample without 
any weld. Microvoids indicate that failure occurred by ductile rupture, typical of tearing 
of mild steel plate following extensive plastic deformation. 
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Figure 43. Scanning electron micrograph of fracture surface from welded tensile sample 
with lack of fusion defect. The location pictured is away from the weld defect, here 
deformation and fracture occurred in the heat affected zone. Failure here also occurred by 
ductile rupture. 
 

 
 
Figure 44. Scanning electron micrograph of fracture surface from welded tensile sample 
with substantial offset between plates. Failure here also occurred by ductile rupture. 
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.   
 

 
  
Figure 45. Metallographic cross-section of tensile sample of unwelded base metal 
(Sample A-3). 
 
 
 
 
 

 
 
Figure 46. Metallographic cross-section of tensile sample from practice weld panel in 
area without substantial offset between plates (Sample B-2). This sample broke along the 
fusion line at an apparent lack of fusion defect. Cross-section is not through defect, but 
through a sound region adjacent to the defect where ductile tearing occurred. 
 



  

PCCV Liner Metallurgical Evaluation L-58 

 
 
Figure 47. Metallographic cross-section of tensile sample from practice weld panel in 
area with substantial offset between plates (Sample C-1). 
 
 
 

 
 
Figure 48. Metallographic cross-section of tensile sample from practice weld panel in 
area with substantial offset between plates (Sample C-2). 
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Figure 49. Details of inside (top) and outside (bottom) liner features in region of tear #1 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 50. Details of inside (top) and outside (bottom) liner features in region of tear #2-1 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 51. Details of inside (top) and outside (bottom) liner features in region of tear #2-2 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 52. Details of inside (top) and outside (bottom) liner features in region of tear #2-3 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction).      
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Figure 53. Details of inside (top) and outside (bottom) liner features in region of tear #4-1 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 54. Details of inside (top) and outside (bottom) liner features in region of tear #4-3 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 55. Details of inside (top) and outside (bottom) liner features in region of tear #6-2 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 56. Details of inside (top) and outside (bottom) liner features in region of tear #8-1 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 

 



  

PCCV Liner Metallurgical Evaluation L-67 

 
 
 
 

 
 

Figure 57. Details of inside (top) and outside (bottom) liner features in region of tear #8-2 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 58. Details of inside (top) and outside (bottom) liner features in region of tear #9 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 59. Details of inside (top) and outside (bottom) liner features in region of tear #17 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 60. Details of inside (top) and outside (bottom) liner features in region of tear #7 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 61. Details of inside (top) and outside (bottom) liner features in region of tear #15 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 62. Details of inside (top) and outside (bottom) liner features in region of tear #12 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). Location of SEM fractographic sample is also shown. 
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Figure 63. Details of inside (top) and outside (bottom) liner features in region #18-1 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 64. Scanning electron micrograph of fracture surface from tear #14-2. Failure 
occurred by ductile rupture, as was seen on fracture surfaces from tensile samples shown 
in Figures 42-44. 
 
 

 
 

Figure 65. Scanning electron micrograph of fracture surface from tear #12. Failure 
occurred by ductile rupture, as was seen on fracture surfaces from tensile samples shown 
in Figures 42-44. 
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Figure 66. Metallographic cross section of tear #1. This cross section was taken at the 
location of widest crack opening, corresponding to where the tear apparently initiated. 
Note that the opening is flat and perpendicular to the liner circumference, and that the 
microstructure is not continuous across the separation. The “fracture” surfaces were also 
covered with a layer of foreign material (too dark to be seen here). These features 
indicate that this area represents a lack of fusion defect, i.e., a region in which the repair 
weld failed to bridge the gap being welded. 
 
 

 
 
Figure 67. Metallographic cross section of tear #1 approximately 2 cm distant from the 

cross section shown in Figure 66. Note that failure occurred by more typical shear, and 
that microstructure shows evidence of substantial localized deformation having 
occurred prior to final separation. This represents an area removed from the lack of 
fusion defect where liner tearing occurred as the tear grew in length during testing of 
the structure. Tearing occurred through the fine grained portion of the heat affected 
zone. 
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Figure 68. Metallographic cross section of tear #2-1. Tearing occurred in heat affected 
zone adjacent to repair weld. Note how grinding ends abruptly at edge of fusion zone, 
providing for measurement of as-ground liner thickness at edge of weld and close to 
location of tear. Tearing occurred in the adjacent heat affected zone.  
 
 
 

 
 
Figure 69. Metallographic cross section of tear #2-2. A very wide region (~29 mm) 

representing many sequential side-by-side welds was observed in this sample. The 
fusion zones of many of the early welds had been recrystallized by the heat input from 
subsequent welds, whereas many of the later welds retained the coarse columnar grain 
structures characteristic of single pass welds. Tearing occurred in by shear following 
substantial plastic deformation near the boundary between recrystallized weld metal 
and a region that could be either unrecrystallized weld metal or coarse grained heat 
affected zone. 
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Figure 70. Metallographic cross section of tear #2-3. This sample was similar to #2-2, 
except that tearing occurred in a completely recrystallized fusion zone of an earlier weld. 
A portion of the fracture appears to have been mashed flat; this represents an artifact 
which occurred during unloading or when samples were being removed from the liner. 
 
 
 

 
 
Figure 71. Metallographic cross section of tear #4-1. This sample was similar to #2-2, 
except that the region of sequential side-by-side welds was even wider, approximately 51 
mm. Tearing occurred in an area of mixed recrystallized and unrecrystallized weld metal, 
and was accompanied by substantial localized plastic deformation. 
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Figure 72. Metallographic cross section of tear #4-3. This sample contained the primary 
weld and several associated repair welds, plus a second weld approximately 25 mm in 
from the primary weld. This secondary weld was apparently made to repair the liner 
where it had been ground through when repairs were being made to the primary weld. 
Tearing occurred in a coarse grained region of heat affected zone between these two 
welds, and was preceded by extensive plastic deformation. 
 
 
 

 
 
Figure 73. Metallographic cross section of tear #6-2. This sample contained a single 
repair weld. Grinding on the outside surface ended fairly abruptly at the edge of the back-
up bar, resulting in a fairly deep but narrow region of liner thinning. Tearing occurred in 
the heat affected zone adjacent to the weld, and was accompanied by substantial localized 
plastic deformation. 
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Figure 74. Metallographic cross section of tear #8-1. This sample contained a single 
repair weld surrounded by a region of recrystallized weld metal representing the original 
weld. Tearing occurred in either the recrystallized weld metal or the heat affected zone 
adjacent to the weld, and was accompanied by substantial localized plastic deformation. 
 
 
 

 
 
Figure 75. Metallographic cross section of tear #8-2. This sample contained the primary 
weld, plus a second weld approximately 13 mm in from the primary weld. This secondary 
weld was apparently made to repair the liner where it had been ground through when 
repairs were being made to the primary weld, similar to sample #4-3. Tearing occurred 
adjacent to the secondary weld in what appears to be recrystallized weld metal. 
Substantial localized plastic deformation accompanied tearing. 
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Figure 76. Metallographic cross section of tear #9. This sample contained a single repair 
weld. Grinding on the outside surface ended abruptly at the edge of the back-up bar, 
resulting in a deep but narrow region of liner thinning. Tearing occurred in the heat 
affected zone adjacent to the weld, and was accompanied by substantial localized plastic 
deformation. 
 
 
 

 
 
Figure 77. Metallographic cross section of tear #17. This shows the fusion zone of the 
primary weld, plus the tear adjacent to it. The tear appears to have occurred in a region of 
recrystallized weld metal from a previous weld. Tearing was accompanied by substantial 
localized plastic deformation. 
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Figure 78. Region of tear #17 adjacent to that shown in Figure 77. Note columnar fusion 
zone at left; this corresponds to a secondary weld made to repair the liner where it had 
been ground through when repairs were being made to the primary weld, similar to 
samples #4-3 and #8-2. Note that the liner thickness was greatly reduced by grinding over 
the entire region pictured here. 
 
 
 

 
 
Figure 79. Metallographic cross section of tear #7. Columnar grained region represents 
repair weld; underlying recrystallized region represents earlier weld. Tearing occurred in 
heat affected zone adjacent to weld. Less shear and localized deformation appears 
characteristic of this tear, suggesting that it may have occurred due to more complex 
stresses. 
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Figure 80. Metallographic cross section of tear #15. Region at right is columnar fusion 
zone of repair weld. Region at left is recrystallized fusion zone of former weld. Tear (at 
far left) occurred just left of where recrystallization stopped, either in unrecrystallized 
weld metal or coarse grained heat affected zone. 
 
 
 

 
 
Figure 81. Region of tear #15 adjacent to that shown in Figure 80. Tear (at far right) 
occurred in coarse grained portion of heat affected zone. Note substantial angle between 
surface and segregation bands in metal, indicative of grinding in tapered area. 
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Figure 82. Metallographic cross section of tear #12. Tearing occurred in base metal (or 
perhaps far out in fine grained portion of heat affected zone). Note that two halves do not 
match perfectly across tear; this results in uncertainty regarding the amount of grinding 
done. 
 
 
 

 
 
Figure 83. Metallographic cross section of tear #13. Tearing occurred in coarse grained 
portion of heat affected zone). 
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Figure 84. Illustration of three methods used to estimate extent of liner thickness 
reduction due to grinding from metallographic cross sections.  
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Figure 85. Details of inside (top) and outside (bottom) liner features in region #18-1 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 86. Details of inside (top) and outside (bottom) liner features in region #18-2 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 87. Details of inside (front) and outside (back) liner features in region #24-2 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 88. Details of inside (front) and outside (back) liner features in region #24-1 
metallographic cross-section (arrows begin at plane of section and indicate view 
direction). 
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Figure 89. Metallographic cross section of region #18-1. Plastic deformation, but no 
tearing, occurred in this region. No evidence of repair welding or substantial grinding 
was found in this area. 
 
 

 
 

Figure 90. Metallographic cross section of region #18-2. Plastic deformation, but no 
tearing, occurred in this region. Evidence of repair welding and an undetermined amount 
of grinding was found in this area. 
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Figure 91. Metallographic cross section of region #24-2, where strain gauges recorded 
local strain of approximately 7%. No evidence of repair welding or substantial grinding 
was found in this area. Detailed observation of the surface “depressions” to the left of the 
weld suggested that they may correspond to surface defects in the plate. In particular, the 
bottom depression was filled with non-metallic particles, perhaps rolled-in oxide (too 
dark to be visible on this photo). These depressions may also correspond to the early 
stages of necking. 
 
 

 
 

Figure 92. Metallographic cross section of region #24-1. Plastic deformation, but no 
tearing, occurred in this region. No evidence of repair welding or substantial grinding 
was found in this area. 

 


