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EXECUTIVE SUMMARY 
 

 A significant portion of Layered Pressure Vessels (LPVs) manufactured for NASA in the 
1950s and ’60s are of non-code construction. These vessels were constructed to the standards 
of individual manufacturers rather than an industry or consensus standard and often contain 
legacy or proprietary materials, which have poor or no characterization. Obtaining correct 
material properties is the first step in assuring vessel safety and predicting life and critical 
failure modes before they happen. This report details the efforts of the LPV Project related to 
material properties and characterization. The goal in testing materials from deconstructed 
vessels was to provide material characterization utilizing modern test methods that would give 
a strong probabilistic base as an option for future analysis. ASTM E1820, Standard Test Method 
for Measurement of Fracture Toughness was used for fracture toughness; ASTM E1921, 
Standard Test Method for Determination of Reference Temperature, T0, for Ferritic Steels in the 
Transition Range for transition temperature; and ASTM E647, Standard Test Method for 
Measurement of Fatigue Crack Growth Rates for fatigue crack growth. Particular focus was 
placed on determination of transition temperature through evaluation of the T0 reference 
temperature in accordance with ASTM E1921. Transition temperature testing allows for a 
probabilistic analysis of vessel materials that may be operating at temperatures below the 
transition from ductile tearing to brittle cleavage failure. This test method was not available at 
the time of construction and has proved invaluable to the characterization of older ferritic 
steels. The values reported are specific to the largest body of materials found in the current 
NASA fleet, but do not claim to be all inclusive. As demonstrated in this report, some materials 
contain extreme lot-to-lot variability. In some cases, this can be comfortably bounded by worst 
case probabilistic methods, however it is always recommended that vessel specific data be 
collected in as much depth as possible to ensure correct assumptions and avoid unduly 
restricting vessel usage.  
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1 NESC REPORT 
The NASA Engineering Safety Center (NESC) Report (1) encapsulates the initial effort to 

characterize LPVs and provides valuable background to the origination of test efforts. Test 
results and materials characterization given in Section 7 are the results of discoveries during the 
NESC effort. Relative to materials testing, the background provided in this section serves to give 
the logic and reasoning behind the types and number of tests conducted during the full 
materials testing effort.  

Section VIII of the American Society of Mechanical Engineers (ASME) Boiler and Pressure 
Vessel Code (BPVC) 2011 (2) provides rules for the construction of new pressure vessels. Newly 
constructed pressure vessels that fully comply with and are stamped in accordance with ASME 
BPVC Section VIII are considered to be “code” vessels. When layered methods of construction 
were added into the BPVC, A. O. Smith (AOS) and its competitors Nooter Corporation and Hahn 
and Clay were heavily involved in the development of the rules. The different companies had 
different fabrication procedures, and ASME used a consensus process to develop the rules. 
Thus, the rules that resulted allowed for a number of fabrication techniques and did not reflect 
what any individual company had done for previously constructed vessels.  

Any impact testing performed typically consisted of U-notch or keyhole-notch Charpy 
specimens, which have a 5 mm deep notch with a 1 mm radius at the base. These were not 
permitted in the BPVC after 1967, when Charpy V-notch specimens, which have a 2 mm deep 
notch with a 45-degree angle and a 0.25mm radius at the base, were required. The 
development of the Charpy V-notch specimen occurred as a result of World War II ship failures 
caused by high ductile-brittle transition temperature steels similar to ASTM A225B. Earlier 
Charpy notch geometries were not sensitive to this phenomenon. (The Department of 
Transportation (DOT) also made this change related to DOT requirements for gas storage 
bottles the same year.) One of the later significant revisions of the ASME BPVC in this area was 
in 1987. The 1987 Addenda to the 1986 ASME BPVC Section VIII, Division 1  (3) added the UCS-
66 curves for determining minimum design metal temperature (MDMT). At the time these 
vessels were constructed, the MDMT was typically based only on material strength and did not 
take into account brittle fracture that may occur at lower temperatures, including the 
nameplate MDMT. 

 
There is evidence that some AOS vessels were keyhole impact tested at -40 °F, 

consistent with code procedures of the day, but the keyhole method used was removed from 
the BPVC in the early 1967 and is not acceptable in current practice because it was shown 
beginning in the 1950s that brittle failure of ship plates could be correlated with Charpy V 
notch, but not with Charpy keyhole notch characteristics (4). Thus, operating at or above the 
nameplate MDMT for these vessels may not ensure safety with respect to the potential for 
brittle failure. 
 

Proprietary shell and nozzle materials used were not BPVC listed (approved) materials. 
These proprietary materials also failed to comply with the BPVC requirements for unlisted 
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materials. Thus, complete material fracture characteristics are not readily available. The head 
material, ASTM A225B, while included in some prior editions of the BPVC, was deleted as an 
acceptable material in the Summer 1979 Addenda of the 1977 Section VIII, Division 1 Code (5)  
and is not currently included in ASME BPVC Section II Materials (2019) (6).    

 
NASA Centers were asked to identify any special concerns they had with respect to LPVs. 

One response highlighted the variability that has been observed in previous testing to 
characterize the material properties of the A225 material used in LPV heads. The variability 
makes it difficult to use generic materials properties for this material in analyses and may lead 
to requirements to use either very low bounding properties or to the development of some 
methods to assess properties specific to individual vessels. The problems associated with the 
unknown relevance of past Charpy U-notch or keyhole data to current fracture toughness 
methodologies were also highlighted. Material testing objectives were to develop an initial 
understanding of material performance of LPVs, more specifically, the structurally significant 
material properties, including tensile and fracture mechanics behavior. Representative surplus 
vessels were identified to collect data to develop a materials database.  

 
Fracture toughness as a function of temperature was identified as the most influential 

material property for vessel assessment. The fully ductile fracture toughness (upper shelf) and 
the temperature at which the steel transitions to cleavage fracture (lower shelf) were 
determined to be of critical interest in the assessment of LPVs. The use of the T0 reference 
temperature methodology from ASTM E1921, Standard Test Method for Determination of 
Reference Temperature, T0, for Ferritic Steels in the Transition Range (7) was chosen as a 
method to evaluate fracture mechanics toughness data relative to ductile-brittle transition 
effects as a function of temperature. Cleavage versus ductile in terms of ASTM E1921 refers to 
the fracture mechanism, (i.e., cleavage of crystal planes versus ductile crack-growth crack 
mechanism). A brittle structural failure can occur either by cleavage or ductile cracking, but 
implies a failure controlled by low toughness rather than net section yielding.  

 
The E1921 approach was expected to minimize the number of test samples required to 

define the ductile-brittle transition curve. The E1921 method was considered especially 
advantageous because it uses a fracture-mechanics-based weakest link theory in the evaluation 
to maximize the information gained from testing from a limited number of tests and because 
E1921, as a statistical method, allows failure probability levels (confidence levels) to be 
statistically determined. The fact that it is a fracture-mechanics-based method rather than a 
correlation means that it gives an accurate, rather than conservative, measurement of the 
temperature above which cleavage fracture is not to be expected, compared with Nil-Ductility-
Temperature (NDT)-based approaches. This method was applied to generate confidence curves 
for several LPV materials (see Section 7, Material Test Data). 
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Table 1-1: Definition of Material Testing Terms 
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Table 1-2: Table 1-1 Continued 
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Table 1-3: Table 1-2 Continued 

 
 

1.1 Material Anisotropy 
The correlation between the structural and material orientations must be identified first 

to orient and extract appropriate test specimens. As a general rule for Fitness for Service (FFS) 
assessments, fracture mechanics material property data are generated on the plane within the 
material that provides the least capability. For most thin-plate materials, specimens are 
extracted such that the crack is oriented parallel to the direction of elongated material grains, 
usually the longitudinal rolling direction. This typically produces bounding material properties. 
This philosophy for generating material data on the least capable orientation is required if the 
material orientation in the vessel is not certain. The small selection of sacrificial vessels under 
consideration in this assessment has illustrated that material orientation cannot be assumed to 
be consistent. While this assessment has proceeded mindful of determining bounding fracture 
properties in-plane, the behavior of cracks growing radially through the thickness of the 
materials has not been evaluated. Tests for this behavior in the thin-shell materials would 
typically use a surface-crack geometry. These studies were beyond the scope of the current 
assessment but should be considered for future evaluation. Material orientations are specified 
relative to the original plate corresponding the material: Longitudinal (L), Transverse (T), and 
Short-Transverse (S) directions. The structural orientations of a vessel are described by the 
Circumferential (C), Longitudinal (L), Radial (R), and Meridional (M, spherical head) directions. 
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Due to this anisotropic behavior, the material orientation for each piece of material 
needed to be determined prior to orienting the final set of test specimens. The shell materials 
proved fairly easy to orient, given that they maintained distinct orthogonal rolling directions. 
The only question to be resolved was whether the shell material longitudinal direction was 
oriented circumferentially around the vessel or along the vessel axis. Fracture toughness tests 
were performed in these two orientations (C-L and L-C) to determine the material orientation, 
which was always made clear by a large reduction in toughness in the longitudinal direction of 
the shell material. (Note that in the two-letter fracture toughness orientation designations 
above and elsewhere in this report, the first letter indicates the direction of applied loading, 
and the second letter indicates the direction of crack extension.) Identifying the bounding 
toughness orientation in the A225 head material was considerably more complicated. Both 
selective microstructural investigation and instrumented Charpy impact testing were used to 
help identify the material orientation. The microstructural evaluations were inconclusive, but 
the Charpy impact testing proved informative.  

 
The biggest challenge of the A225 material involved identifying the lowest toughness 

orientation in the head. The plan to determine microstructural orientation began with a 
traditional metallographic approach. When metallographic methods proved inconclusive, a 
series of Charpy impact tests wase used to provide further quantitative insight.  

 
Metallographic microstructural evaluations at 50× and 100× magnifications were 

performed on A225 material from NASA Marshall Space Flight Center (MSFC) vessel V0032 and 
Glenn Research Center (GRC) V0296 for determining material orientation. Nine total samples in 
three orthogonal planes (C-M, R-C, and M-R) were taken at three equidistant circumferential 
locations around each head with 45 ° spacing between samples. The 0 ° location was chosen 
arbitrarily since there was no unique feature on the axisymmetric head that would indicate how 
the head was fabricated with respect to the parent plate. Each dimension of the metallurgical 
blanks was unique to maintain traceability of the macro orientations. The macros revealed no 
discernable microstructural evidence of the plate orientation prior to forming. For V0032, the 
microstructure appeared to be independent of the circumferential location with a uniform 
grain structure generally following the shape of the head. 

 
Although the same Nital etching process (3% nitric acid, balance methanol) was followed for 
the samples from both heads, the grain orientation for GRC V0296 was much less apparent in 
the microstructural samples and less useful in determining material orientation. 
 

The V0032 microstructure was dominated by what appeared to be considerable banding 
of pearlite and ferrite, which is undesirable. The dark bands are pearlite, and the lighter bands 
are ferrite. This banding is possibly a result of micro-segregation of alloying metals during the 
solidification of the original ingot, which was not ideally homogenized during the subsequent 
heat treatment. Alloying elements always segregate to some extent during the solidification of 
steel. Elements that are especially prone to segregation are carbon, phosphorus, sulfur, silicon, 
and manganese. Manganese is especially problematic because it lowers the chemical activity of 
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carbon in austenite, from which pearlite is formed. The manganese-rich areas are, thus, the last 
to transform and are mostly pearlite. During the microstructural evaluations, the banding 
features were observed regardless of the sample orientation or angular location. These 
microstructural features likely obscured any visible anisotropy introduced into the material 
from the original plate production. 

 
These inconclusive microstructures, showing either no orientation or spherical banding 

following the forming of the head, were not expected. There was an expectation that the prior 
plate microstructure would remain dominant. Although exact historical records are incomplete, 
information on the typical head fabrication process was obtained from an industry consultant. 
For forming a head such as V0032, the steel mill would start with a thick slab of commercial 
A225 and roll the plate at a temperature close to 1,000 °F between two rolls to reduce the 
thickness. In this process, one primary direction would be stretched the most and become 
dominant, becoming the plate L direction. The orthogonal direction in the flat plane of the plate 
is identified as the T direction. Based on the desired surface area of the hemisphere, the head 
manufacturer would cut an appropriately sized disk out of the plate. The head manufacturer 
would usually heat the blank disk to around 800 to 900 °F and press it between male and 
female dies in small increments in order to attain the desired head dimensions and form. Based 
on this manufacturing process, the head forming operations would not be expected to 
eliminate the prior plate microstructure, but rather the plate material orientation would be 
projected over the head while retaining much of the original orthogonality.  
 

If the prior plate microstructure remains, then the microstructure would continuously 
change circumferentially around the head, lining up with a prior plate orientation every 90°. 
The lack of such structure implies that the head material may have experienced an 
intermediate thermal treatment to eliminate the plate microstructure or might have been 
formed at a higher than anticipated temperature. Determining grain orientation by macros is 
commonly difficult in steels, particularly when the macros are arbitrarily oriented, as in this 
case. Given the inconclusive nature of these microstructural studies, a more quantitative 
approach with Charpy specimens was undertaken. 

 
Instrumented Charpy V-notch tests, according to ASTM E2298-13 (8), were performed 

as a quick, relatively inexpensive yet quantitative way to determine the material orientation in 
the A225 head material from V0032. Due to deciding to focus on one lot of material, impact 
tests on the GRC V0296 head were not performed under this assessment. Instrumented Charpy 
tests utilize strain gages to capture the load versus displacement record at specimen impact. It 
is a more robust method than traditional Charpy tests, even if the load versus displacement is 
used only qualitatively as an aid to evaluate whether the fracture mechanism is brittle or 
ductile. The instrumented test is also preferred for its precision in measuring fracture energy; it 
is more precise than monitoring pendulum height after impact. This precision also serves to 
lower the minimum range of impact energies that can be reliably measured, which can be 
important with cleavage. Given cost considerations, samples were limited to two at each of the 
three circumferential locations in two orthogonal orientations, M-C and C-M. Note that the 
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direction of loading and crack extension is the same for Charpy specimens; therefore, in the 
two letter orientation designation for the Charpy specimen, the first letter indicates the 
direction of the long axis of the specimen, and the second letter indicates the direction of crack 
extension. 

 
All tests were conducted at 0°F. Regarding the test temperature, these tests were not 

intended to determine the transition temperature but were simply used to reveal the least 
tough microstructural orientation in the material for subsequent fracture testing. The prior 
work by the Southwest Research Institute (SwRI) indicated that 0°F would be a good choice for 
determining anisotropy for this material because orientation impact energy differences 
appeared to be largest at 0°F in their tests. This work is documented in Cardinal, J.W. and 
Popelar, C.F., Multilayer Pressure Vessel Materials Testing and Analysis (Phase 2) (9). More 
informative fracture toughness tests were considered for determining the material orientation, 
but due to the required quantity, the Charpy tests were more financially viable, while being 
deemed to provide an adequate assurance of grain and rolling direction. 

 
The Charpy impact results showed that the C-M orientation produced significantly lower 

impact energies than the M-C orientation with invariance to the sample circumferential 
location. This matches the observed orientation of the microstructural banding in the V0032 
head material. It is possible that the material anisotropy effects in the V0032 head are being 
dominated by this banding structure. Future tests on head material without the banded 
microstructure may yield different results. It is suggested that all future efforts to identify the 
material orientation for pressure vessel heads predominantly utilize Charpy impact testing. 
Having attempted microstructural orientation evaluation in the A225 head material in the SwRI 
work, the GRC PV0296 head material, and the V0032 head, none of these investigations has 
provided clarity equal to that obtained from the Charpy impact data. Despite this finding, as 
future A225 material is evaluated it is suggested that the basic microstructure of the head 
material be documented for features such as banding. 

 
Prior to testing the shell materials, as with A225 head material, material orientation 

needed to be determined with respect to the vessels such that samples could be machined 
from the material in the lowest toughness orientation. Based on the assumption of logical 
manufacturing processes where the shells are rolled from thin sheets as well as on prior SwRI 
testing results (9), this task was inherently much more direct for the shells than the head 
because there were only two possible complementary layouts for the shell materials: 

 
1. The L direction of the plate material was coincident with the L direction of the vessel. 

This would be evaluated with C-L fracture samples. 
 

2. The L direction of the plate material was coincident with the C direction of the vessel. 
This would be evaluated with L-C fracture samples.  
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To determine the material orientation, two standard ASTM E1820 (10) fracture 
toughness tests were performed at room temperature in the C-L and L-C orientations for each 
material and vessel section tested. These data were used to determine the material orientation, 
which would allow for test samples to be produced for determining T0 from the Master Curve 
method. For 1143, a proprietary AO Smith material, fracture toughness tests performed at 
room temperature on the inner shell of section 4 from V0125 showed that the initiation 
fracture toughness was approximately 40% lower for the C-L orientation than for L-C. Neither of 
these tests produced a fully valid JIc or KJ value, but the results were sufficiently advisory on 
material anisotropy. Given this outcome, all specimens for determining T0 for 1143 V0125 
section 4 materials using the Master Curve method were obtained in the C-L orientation.  

 
Inspection of the fracture surfaces for the two orientations confirmed the results, as the 

L-C surfaces were much more ductile than the C-L surfaces. Since the C-L orientation represents 
that the specimen loading direction was in the vessel circumferential direction with a crack 
plane in the vessel longitudinal direction, then, given the observed anisotropy, this inner shell 
was oriented in the lowest fracture toughness orientation with respect to the hoop loading 
direction in the vessel. This suggests that material anisotropy was not a consideration in the 
original vessel design, further confirming the need to use the lowest toughness orientation 
throughout any FFS evaluations of the LPV fleet. However, the results from the current study 
may not apply universally to all vessels; thus, in conducting further fracture toughness testing 
on materials from different lots and different manufacturers, it will be necessary first to 
determine the weakest orientation. 

 
For the 1146, material taken from the outer shells of section 4 from V0125 showed that the 
initiation fracture toughness was approximately 45% lower for the C-L orientation than L-C; 
thus, all 1146 specimens were also made in the C-L sample orientation. It is important to note 
that, to reduce material and labor costs, plates were sometimes rolled into cylinders with the 
plate transverse direction in the vessel longitudinal direction and sometimes in the vessel 
circumferential direction. 

1.2 Lot Variability 
Though the LPV fleet is comprised of nominally the same steels based on the AOS 

designations previously discussed, the LPV fleet contains vessels fabricated over a span of years 
and by different vendors, and the steels may have been processed by different mills using 
different rolling procedures. The LPV steels are expected to contain significant lot-to-lot 
variability; thus, one cannot assume the data obtained in this study are directly applicable to all 
LPVs without a further characterization of this variability. 

 
The initial plan for this assessment was to test from as many different lots of material as 

possible to diversify the testing and characterize the lot-to-lot variability. This goal shifted 
primarily due to technical reasons and, to a lesser extent, schedule reasons. The technical 
reason for the shift to single material lot evaluation was that the E1921 Master Curve test 



Page 42 of 466 
 

method used in this investigation is best applied to a macroscopically homogeneous material 
having uniform and isotropic strength and toughness properties. Therefore, the proper way to 
approach the transition toughness evaluation was to test a sufficient quantity of specimens to 
independently evaluate each lot. The result from each lot can then be compared to other lots 
for variability.  

1.3 Fracture Toughness Methods 
Fracture toughness testing was the focus of this effort because fracture toughness as a 

function of temperature is the most important material property for FFS assessment of the 
vessels. The fully ductile fracture toughness (upper shelf) and the temperature at the transition 
to cleavage fracture (transition range) were of interest. The Master Curve methodology from 
ASTM E1921 (7) was used to facilitate the assessment of the fracture toughness data and 
determine the fracture toughness versus temperature behavior for the LPV materials. The 
Master Curve method is a robust approach to characterizing the temperature dependent 
fracture toughness of ferritic steels with as few as six test samples. The following background 
information on the Master Curve method will provide a brief introduction to the concept and 
convey the rationale for choosing this method to evaluate the LPV materials instead of using 
the more traditional impact energy (Charpy) methods. 

 
Other than obvious schedule and cost constraints, the choice of a fracture toughness 

test method is usually dictated by the expected failure mechanism of the material. The two 
primary mechanisms by which fracture occurs in ferritic steels are ductile rupture and cleavage. 
These are micro-mechanisms for fracture that describe the mechanism by which a material fails 
at the microstructural level. Care is needed not to confuse these mechanisms with terms such 
as “ductile” or “brittle,” which are often used to describe the failure behavior of structures or 
specimens. Note that a ductile rupture fracture may very well occur in an unstable, “brittle” 
manner. This is common in many alloys used in the aerospace industry, such as high-strength 
aluminum or titanium alloys. Ductile rupture occurs in metals that fail by the growth and 
coalescence of voids initiating from loosened or broken inclusions and second-phase particles. 

 
Cracks extend through this void coalescence process, driven by plastic deformation, 

ultimately leading to fracture in either a stable or unstable manner. This is the typical failure 
mechanism for structural steels when they are kept sufficiently warm and not loaded in a highly 
dynamic manner. In contrast, cleavage fracture is a much lower energy process that progresses 
by the splitting of atomic planes with little associated plasticity, resulting in a flat and faceted 
fracture surface. The cleavage fracture process is of primary concern in structural steels at 
reduced temperatures or high loading rates. 

 
For ferritic body-centered-cubic steels, the fracture mechanism undergoes a 

demonstrative transition from ductile rupture to cleavage as temperature decreases, which 
leads to a concomitant decrease in fracture toughness. This temperature dependency of 
fracture toughness is common to all ferritic steels. Therefore, the material property of most 
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importance to ferritic structural steels in LPV applications is the ductile-brittle transition 
temperature curve that quantifies the fracture toughness loss with decreasing temperature and 
identifies the probability that a cleavage fracture will occur. Despite the common use of the 
term “transition temperature” that implies a discrete temperature below which steels fail by 
cleavage fracture, the reality is more subtle and complicated. An “upper shelf” exists where 
temperatures are sufficiently warm to ensure fracture progresses by ductile rupture 
mechanisms. Fracture toughness is greatest on the upper shelf and is generally consistent and 
repeatable. As temperatures decrease (or loading rates increase), the steel enters into a 
“transition range” where ductile rupture and cleavage are competing fracture mechanisms. In 
this range, the fracture behavior becomes considerably more variable since both mechanisms 
are operative and fracture toughness values drop below those of the upper shelf. 

 
Determining this temperature range where cleavage fracture becomes probable is 

critical to understanding the reliability of the LPVs. Cleavage fracture events often result in 
unexpected, catastrophic structural failures. Historically, brittle fracture has been characterized 
by a linear elastic fracture toughness test to determine KIc, which treats the material in front of 
the crack tip as a homogeneous and elastic continuum. This simplistic approach is insufficient to 
characterize cleavage where the fracture process is governed by the random distribution of 
cleavage initiators, such as carbide particles or inclusions, in the highly stressed zone of 
material just in front of the crack tip. This makes cleavage initiation a strongly stochastic 
process that follows a weakest link model. Therefore, a statistical approach is needed to 
adequately characterize cleavage fracture. ASTM Standard E1921 (7) couples modern fracture 
mechanics and statistical methods to define a statistically based curve of fracture toughness 
versus temperature that is derived using only fracture-mechanics-based test data. The 
statistical nature of the method allows confidence bounds to be determined. This elastic-plastic 
method utilizes the J-integral at the point of cleavage instability, Jc which is converted into a 
stress-intensity equivalent, KJc, and uses these data points to define a curve of median fracture 
toughness, KJc versus temperature. 

 
Performing elastic-plastic J tests and deriving K from J, as opposed to conducting linearly 

elastic K tests directly, was necessitated by specimen size limitations imposed by the thin, 
cylindrical pressure vessel layers. Specimens for J test methods can be as small as 1/40th the 
size required for linear-elastic K tests and still maintain sufficient constraint to produce 
toughness data that are unaffected by sample size (11). It would not have been possible to 
perform linear-elastic fracture toughness tests per ASTM E399 due to the thin-layer material 
constraints in LPV shells. Test specimens could not be made large enough to obtain the linear-
elastic fracture toughness, KIc. 

 
Reference Temperature for Nil Ductility Transition (RTNDT) is considered conservative 

compared to the fracture toughness versus temperature relationship determined by T0. The 
two methods differ in their approach. T0 is a statistically based fracture mechanics method that 
allows for a direct determination of the transition temperature, whereas Temperature for Nil 
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Ductility Transition (TNDT) is defined by a relatively simple bounding method where the impact 
energy for fracture of blunt-notched specimens drops below a given threshold. 

 
Defining RTNDT from T0 is straightforward as given by the ASME code cases. On the 

other hand, defining the proper MDMT for the LPV fleet from this value will require additional 
study. The use of a Master Curve derived T0 to define the RTNDT (and subsequently an MDMT) 
rather than a TNDT based on an impact energy threshold is expected to reduce conservatism in 
that value. (Note: the Master Curve was born out of necessity to reduce known conservatisms 
in the traditional RTNDT method, so the nuclear power industry could demonstrate adequate 
safety in aging structures in use beyond their original design service objectives.) The key 
distinction to underscore is that the Master Curve is consistent with a risk-informed framework 
for decision-making that provides the best estimates of fracture toughness by means of an 
explicit description of uncertainty. The Master Curve provides two key features: a statistical 
description of fracture toughness at a single temperature and the relationship between fracture 
toughness and temperature. 
 

1.4 Master Curve Testing Considerations 
It is noteworthy to consider that because T0 was not known before completing the first 

round of tests and analysis, it is not surprising that some tests did not fail due to cleavage 
before the ductile crack extension limit was reached as test temperatures were iteratively 
decreased. Historical testing of nuclear grade materials, which are much tougher than the 
materials tested for the LPV program, conventionally violate the plastic constraint data 
qualification limit. What was determined from this test program is that testing at colder 
temperatures and then testing warmer, as needed, is likely a more effective method than 
testing in a decreasing temperature pattern. The former method is likely to converge more 
quickly on the temperatures required for cleavage. One caveat to this is the cautionary note 
that testing at exceptionally cold temperatures is not recommended because the test 
temperature must be within 50 °C of T0 for it to be useable in the T0 analysis. It is noted that for 
both the 1143 and the 1146 material, the testing temperatures ultimately required to produce 
cleavage pushed close to the extent of this allowable testing window. Too much weight should 
not be placed on Charpy impact methods, which can be overly conservative. 

 
The T0 value must not be confused with the MDMT used to limit vessel temperature in 

use. The T0 value should be considered only a convenient way to express the fracture toughness 
of the material as a function of temperature with a statistically substantiated model of the data. 
There are a number of ways future work may utilize these T0 values to arrive at a MDMT for a 
given vessel. First, it is important to recognize that the fracture toughness testing performed is 
representative of only the single lot. Additional evaluation of T0 across many lots representing 
the larger LPV fleet, including all alloys and welds, is needed before obtaining T0 values that 
may be considered representative of the entire LPV population.  
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2 FFS METHODOLOGY 
 

The tasks of the materials discipline as related to fitness-for-service involve taking stock 
of all base material and weld combinations that require characterization, determining the level 
of fidelity required in the data, then planning and executing that material property data 
development. The following vessel elements are expected to be worked individually: head-to-
shell welds, shell-to-shell welds, shell longitudinal welds, shell sections, nozzle-to-shell welds, 
nozzle-to-head welds, head sections, and nozzles. Each of these elements has unique aspects to 
be assessed, primarily the material behavior and limitations of each.  

The role of material performance within fitness-for-service is fundamental and, in the 
case of LPVs, the fracture toughness of the material and the corresponding fatigue crack growth 
rate are the governing material properties of concern. The fracture toughness dictates how the 
material behaves in the presence of sharp discontinuities at relevant temperatures, such as a 
lack of fusion in a weld or a service-generated fatigue crack in cold service. However, an 
understanding of a broad spectrum of material properties is important to fitness for service 
implementation. Strength, ductility, modulus, corrosion resistance, and even magnetic 
properties may influence the assessment or inspection process in some fashion. The material 
behavior of most interest in this project is the temperature dependent fracture toughness and 
the temperature range where the LPV steels transition from a predictable, stable tearing mode 
of fracture to a more variable, unstable cleavage mode of fracture. All the LPVs in question are 
constructed of ferritic steels that fail by cleavage at temperatures below a ductile-brittle 
transition characteristic of the steel ore weldment.  

A deterministic fitness-for-service analysis determines the safe operational conditions 
and an inspection interval for a vessel in the presence of detected or hypothetical defects. The 
analytical deterministic path to assessing structural fitness-for-service corresponds to the 
traditional way structural assessments are performed within the Agency. For example, 
bounding conditions are assumed for structural configurations, load environments, and residual 
stresses, and the resulting combined stresses compared against a lower-bound material 
property, while the difference between the applied stress and the material capability must be 
sufficient to accommodate the required factor of safety. This is the basic design philosophy 
applied to all LPVs.  

The materials characterization of common LPV materials serves as the base for all 
fitness-for-service rational, deterministic or probabilistic. Thus, the goal of the Materials Sub-
Team is to develop an understanding of LPV materials and all necessary data for use in the 
integrated FFS methodology. Most of the materials in the LPV fleet are poorly characterized by 
current standards and were produced before modern fracture mechanics methods were 
common; therefore, the focus is primarily on fracture toughness properties of period LPV steels 
and their welds, with some added effort to evaluate the tensile flow properties, material 
hardness, and chemistries.  
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The challenge comes not in characterizing any given piece of material, but in sufficiently 
sampling materials from dismantled vessels to deduce properties that are applicable across the 
LPV fleet. Sampling methods have practical limitations governed by testing cost and material 
availability. Limits in material availability usually stem from an insufficient number of distinct 
material lots. In this project, sampling limitations arise primarily because materials for testing 
generally must be extracted from decommissioned vessels. While an expensive proposition, this 
tends not to limit the quantity of specimen sampling, as vessels are comparatively large. Rather, 
it limits the number of materials that can be sampled and the number of repeated material lots 
that can be sampled for any given alloy. Given the primary focus in determining fracture 
toughness as a function of temperature, the sampling required for any given lot of material is 
well defined by the analysis methods of ASTM E1820 (10) and E1921 (7). For upper shelf J 
resistance curve tests, two or three repeats at each temperature is sufficient. The toughness 
versus temperature transition is determined with the E1921 Master Curve method, and for this 
project, 12 to 16 specimens are allotted to determine a To reference temperature value for the 
material lot. (To is the Master Curve’s measure of ductile-brittle transition temperature.) In 
some cases, generally for welds, material inhomogeneity requires testing of additional 
specimens to characterize the transition and corresponding confidence bounds.  

Due to limitations in material traceability within a vessel, and because of the typical 
large size of material lots, each vessel sacrificed for testing is assumed to provide only one 
material lot for any given alloy, unless distinct chemistries are measured that clearly distinguish 
unique material lots. Each sacrificed vessel provides samples of steel from the vessel head, 
head-to-shell welds, wrapper steel, inner-layer steel, wrapper layer longitudinal welds, nozzle 
steels, etc. Because of this selective availability in material lots, practicality requires the project 
to provide rationale for adequate lot sampling and make careful decisions regarding vessels 
chosen for test. For materials representing a significant portion of the LPV fleet, such as the 
AOS 1146 family and ASTM A225 head materials, a five-lot sampling was chosen as adequate. In 
this context, adequacy of five-lot sampling means that properties derived from the testing of 
those materials will be assumed to have sufficient lot variability incorporated to apply to the 
fleet as a whole in FFS assessments. As data become available, statistical evaluations will be 
employed to assist in substantiating, or refuting, this assumption. If there is evidence that the 
five-lot data pool is not describing the variability, the project may either choose to test further 
material lots or use engineering judgement to bound the variability and carry the material 
property as a risk item. Non-destructive methods of evaluation such as assessments of 
chemistry and hardness will be used to limit the associated risk by recognizing critical 
components that may be outside the range of the data lot samples.  

Five lots was chosen as achievable with rationale for adequacy stemming from other 
code practice. For example, the ASME BPVC, Section II, Part D, Mandatory Appendix 5 
“Guidelines on the Approval of New Materials Under the ASME Boiler and Pressure Vessel 
Code,” sub-section 5-700 “Required Sampling,” (6) requires three lots of material (and in some 
cases a fourth) to cover lot variability. In aerospace disciplines, where factors of safety are 
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much smaller, additional lots are typically required: the Metallic Materials Properties 
Development and Standardization Handbook (MMPDS) (12) has a 10-lot requirement for 
mature properties, and Composite Materials Handbook-17 (13) has a five-lot requirement for 
mature properties. Though the choice of five material lots for this effort exceeds the common 
lot diversity expectation for ASME materials, the two additional lots planned for predominant 
LPV alloys are considered prudent given the unknown standards by which much the heritage 
materials were produced and a tendency for less “clean” steel from the period. These steel 
standards were very loosely written in both chemistry requirements and tensile properties, 
with no limits relatable to present day fracture toughness. The high metric of 10 lots from the 
MMPDS is not appropriate here for two reasons: First, the LPV structures have a factor of safety 
larger than that of most aerospace structures, and second, the primary property of interest in 
the FFS assessment, fracture toughness, when determined with the Master Curve method, can 
be rigorously treated statistically to determine suitable lower-bound values to help manage 
risk. To account for lot variability, the ASTM E1921 To values for multiple lots of material can be 
evaluated and combined based on non-homogeneity assumptions in the statistical methods.  

There are alloys in the LPV fleet that occur only in a small quantity of vessels. Reaching 
lot maturity for properties for these materials is not feasible, and even testing single lots may 
not be feasible. Materials representing a small minority in the fleet that go without 
substantiation of their properties will carry added risk in the material’s discipline. Some of the 
minority materials in the LPV fleet have other industrial history. To the extent possible, the 
Materials Sub-Team will minimize unknown property risks in these materials through data 
mining in literature. For minority materials left without material property coverage through 
characterization or data mining, alternative means in the integrated FFS logic will need to be 
employed to manage risk in these vessels or the vessels will be recommended for 
decommissioning. Methods of managing risk at the integrated level could include such methods 
as lowering the pressure rating or moving the vessel to remote conditions with access controls.  

Weld evaluations add significant complication to the issue of sampling. The current 
technical path has predominant LPV welds receiving characterization equivalent to the 
predominant base metals. The number of test conditions in the LPV welds is significant when all 
weld material combinations and potential flaw locations are considered. The current technical 
path makes use of similarity arguments, where possible, following experimental validation. For 
example, weld heat affected zone toughness in shell materials is expected to be consistent 
across the weld types. If confirmed with fracture testing and metallurgy, the test burden is 
reduced. In a similar fashion, if weld heat affected zone toughness is shown to consistently 
bound weld centerline toughness, efficiencies in these test locations are also realized. The 
current path forward allows for these initial evaluations but assumes that efficiencies through 
similarity and bounding will be available.  
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3 MATERIALS CHARACTERIZATION PROCESS 
Material characterization is the basis of a sound fitness for service plan. The materials 

characterized in this report may not completely cover the range of materials found in some 
pressure vessel fleets. In the instance that one of these unknown materials is found, a material 
characterization is the first step in understanding the potential risks of the vessel. There are 
various levels to material characterization starting with Nondestructive Evaluations (NDEs) and 
moving on to full mechanical test methods. Each approach has its own value in producing a 
basis for confident vessel analysis, as well as associated costs in time and monetary allocation. 
Performing these tests in the proper order can limit the amount of time and money spent, as 
well as ensure an appropriate level of confidence in the material properties. Table 3-1 is an 
example of the test matrix used to plan out which tests are necessary for the vessel to be 
properly characterized.  

Table 3-1: Materials Characterization Process Diagram 
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Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)
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Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
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3.1 Hardness and Chemistry 
Hardness and chemistry measurements are two assessment methods that give 

significant insight into the material properties. They are also the two most cost effective. 
Hardness measurements may be taken in-situ with portable hardness testing equipment. The 
hardness values of pressure vessel steels are highly indicative of strength and fracture 
properties. Softer materials tend to be more crack resistant, harder materials tend to be 
stronger but less crack resistant.  

Chemistry testing is not completely nondestructive, but the method used (portable 
optical emissive spectroscopy) to obtain the data in this report can often fit within the 
corrosion limits of an operational vessel. Chemistry is critical in accurately determining the type 
and grade of a pressure vessel steel. Accurately determining the material type and grade opens 
the possibility of using mechanical testing archival data based on work already performed on 
the same material. Use of such data can significantly reduce the amount of testing required. It 
can also prevent the use of incorrect data derived from poorly documented construction 
records. However, note that chemistry cannot be the sole method of identifying a material and 
its subsequent properties.  

When conducting chemistry testing, it is important to be certain that the tests are of the 
“effective” chemistry of the material. In some heads, a process called decarburization has 
occurred, resulting in a thin, low carbon layer of material on the surface where chemistry 
checks commonly are performed. The best practice to ensure proper chemistry measurement is 
to grind a test location and then check the chemistry. If the numbers are substantially different 
from the material specification, the test location must be ground deeper and retested until the 
values become consistent. This will ensure that the values are sufficiently representative of the 
base material character.  

Chemistry is most effective in conjunction with hardness testing. As discovered in this 
project, some materials that are exact chemical matches may have received vastly different 
heat treatments. This situation renders the material properties significantly different in both 
strength and fracture toughness. A hardness test is the simplest and most effective way to 
determine if there is a difference resulting from heat treatment of a material. If the hardness 
and chemistry are similar in tested materials, it is most likely that the materials have similar 
mechanical properties. If the chemistry or hardness differs significantly, then any data obtained 
in reference to one should not be considered useful for the other.  

3.2 Metallography 
Metallography samples are useful when investigating pressure vessel steels. They are 

often the easiest way of identifying the mill rolling direction of the plate, which usually 
corresponds with the strongest orientation. Also, metallography can be used to characterize 
the grain size and shape. This is somewhat indicative of the strength and fracture toughness of 
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the material. Inconsistencies with a given material lot may be quickly sorted out as the result of 
improper heat treatment or post processing simply by examining the microstructure.  

When examining welds, metallography specimens are valuable in determining the 
number of weld passes used and the size of the heat affected zone. For complete 
microstructure characterization, it is recommended that three specimens be taken. One face of 
each specimen should correspond to each material orientation and when completed, a model 
of the overall microstructure can be created.  

The example in Figure 3.2-1 comes from an A212 head material. As described, a face in 
each orientation (circumferential, radial, and meridional) was prepared and the result is a 
macro cube that provides excellent insight into the materials history. Lamellar grain boundaries 
running in the circumferential direction, indicate the direction of work put into the material. In 
many cases such as this, it is also necessary to complete a full thickness macro.  

This A212 head showed a decarburization zone located on the inner and outer surface 
of the head. Knowing this allowed a more accurate chemistry measurement to be taken since it 
was necessary to test the chemistry below the decarburization layer to obtain correct values.  

 
Figure 3.2-1: Example A212 Material Macro Cube Specimen Orientation 

 
 

3.3 Tensile and Fracture Testing 
Tensile tests are the most basic strength measurement for a material, indicating its yield 

and ultimate tensile strength. In determining tensile strength, it is important to test both 
orientations of the material in question, as strength will certainly vary with orientation. This will 
help give an accurate understanding of the material should a flaw be discovered in either 
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orientation. It is also useful for guiding fracture testing since different strength properties can 
affect fracture test parameters.  

Figure 3.3-1 is an example of a down-select cut plan. Down-selecting is the method of 
testing tensile and fracture specimens in each orientation and guarantees identification of the 
weakest material orientation. For the project purposes, three tensile and three fracture 
specimens were tested in each orientation under ambient conditions. This was to quickly 
identify the weakest orientation, which will then become the targeted testing orientation. A 
significant difference in fracture toughness will be apparent at the conclusion of these tests. 
Whichever orientation has the lowest fracture toughness is most likely to be susceptible to 
flaws and the most likely to grow those flaws to a critical size. This is the value of concern as it 
represents the worst-case scenario of a flaw in the material. It is also possible to conduct a 
down-select using Charpy specimens, which are smaller and cheaper to run. These tests will 
give a quick determination of the material orientation, after which more thorough evaluation 
can be completed with compact tension specimens.  

 
Figure 3.3-1: Example Down-Select Cut Plan 

 

After determining the materials weakest orientation, the focus should be on accurately 
characterizing the material properties relative to the operating environment. To do this, more 
fracture tests should be conducted according to ASTM E1921 (7). The Master Curve method of 
E1921 gives a transition temperature, or T0, that is the temperature at which the material is 
likely to switch from a ductile tearing failure mode to uncontrolled crack extension. For older 
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pressure vessel steels, this temperature can often be within the range of commonly sustained 
outdoor temperatures. Knowledge of the transition temperature of the material allows 
understanding of the kind of crack growth that the material will experience under actual 
operating temperatures.  This is critical information for determination of safe operating 
pressures and temperatures for LPVs. 

The Master Curve in Figure 3.3-2 gives expected fracture toughness values at each 
temperature within calculated tolerance bounds. This curve can be used to determine the 
appropriate fracture toughness to use when conducting a fitness for service or safe life analysis.  

 
Figure 3.3-2: Master Curve Example 

3.4 Fatigue Crack Growth Testing 
Fatigue crack growth testing is used to measure the crack growth per cycle at a given 

fracture toughness value. The curves generated by testing according to ASTM E647 (11), can be 
used to determine the amount that a predicted flaw will grow under given cyclic conditions. 
When using programs such as NASGRO to evaluate the failure potential of a known flaw, these 
curves are particularly valuable. Fatigue crack growth testing should be performed in the 
weakest material orientation as should all other testing. For a proper evaluation of the full 
range of fatigue properties, it is recommended to conduct tests at R ratios (peak/valley stress 
ratios) of 0.1 and 0.7. This allows for a proper curve fit to be applied. Figure 3.4-1 is an example 
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of the results of a fatigue crack growth test, showing how the crack growth per cycle relates to 
the delta K applied during each cycle.  

 
Figure 3.4-1: Example Fatigue Crack Growth Test Results 
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4 ASTM E1820 AND E1921 BACKGROUND 

4.1 ASTM E1820 Background 
ASTM E1820 (10) is a standard method of determining fracture toughness of metallic 

materials using the J integral to define the intensity of the stress and strain singularities near 
the crack tip. The J integral can be related to the Crack Tip Opening Displacement (CTOD) at the 
crack tip. E1820 measures the magnitude of the J integral as a function of crack extension from 
a pre-existing fatigue crack. E1820 uses unloading compliance, potential drop measurements, 
or a normalization procedure to estimate the change in crack length during the destructive 
specimen test. The set of data relating the J integral to crack extension is referred to as the J-R 
curve and is often fit with a power law relationship for transfer to applications. A measure of 
toughness near crack initiation, called JIc, is determined and is often the principal result of the 
E1820 test procedure. The J-R curve is a plot of the far-field J-integral versus stable crack 
extension, demonstrating the material’s toughness at crack initiation and with continued crack 
growth. 

Some metals demonstrate a high crack initiation toughness followed by a low resistance 
to further crack growth. This is typical of aluminum alloys, titanium alloys, and maraging or tool 
steels. Modern structural steels generally demonstrate a high initiation toughness but also a 
high resistance to further crack growth. Older structural steels, like those used in LPVs, are 
characterized by modest initiation toughness and mostly low resistance curve slopes beyond 
initiation. 

In E1820, JC is a property that describes the fracture toughness of a material at fracture 
instability without significant stable crack extension; essentially this is the measured fracture 
toughness when the laboratory specimen fails in an unstable manner abruptly ending the test. 
This occurs when the energy stored in the test machine exceeds the energy required to extend 
the crack in the test specimen as the crack grows and the specimen load capacity falls. The 
fracture can be ductile and consist of hole growth at the microscale or it can correspond to 
multigrain cleavage with cleavage occurring on specific planes in the metal’s crystal structure. 
Ferritic steels are characterized by ductile behavior at an elevated temperature and cleavage 
behavior at a lower temperature with the intermediate "ductile-brittle" transition temperature 
being an important material characterization parameter. To evaluate the fracture toughness 
properties of a ferritic steel, one must evaluate the toughness when the steel is on the ductile 
upper shelf and determine the temperature at which the rather sudden transition to cleavage 
takes place. 

Essentially, E1820 is used to evaluate the fracture toughness at the initiation of ductile 
crack growth denoted as JIc, and the resistance curve for crack extension beyond ductile 
initiation referred to as the J-R curve. E1820 is also used to measure the fracture toughness at 
the onset of cleavage, while E1921 (7) is used to evaluate the temperature at which the ductile-
brittle transition takes place using data obtained from E1820 tests that exhibit cleavage. JIc and 
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the J-R curve depend on temperature, but only weakly across the limited operating 
temperature variations encountered by LPVs. The variability corresponds to normal statistics 
and accurate characterization of these properties requires only two or three repeat tests at a 
specified temperature. 

JIc is the plane strain fracture toughness J-integral that provides the measurement of 
crack resistance near the start of stable crack extension during a Mode I test. This initiation 
toughness signals a transition from mostly elastic stretching typically found in the beginning of 
the test to stable crack extension found in the latter portion of the test. Depending on material 
characteristics, JIc may not be the sole significant indicator of material performance. Referring 
back to the J-R curve, if a material continues to show significant increase in J value past JIc , the 
material will continue to tear only with significant increase in load relative to crack length. This 
will correspond to an increase in plastic zone size and may eventually terminate in a failure via 
net section yield as opposed to crack extension. If a material demonstrates a “flat” J-R curve 
with J value remaining relatively stable after JIc, the crack will continue to extend under 
consistent load to crack length ratios. A material of this sort is more likely to fail via unstable 
crack extension. These are important factors to consider when evaluating material applications 
that approach the JIc boundary.  

Fracture toughness measurements at the onset of cleavage demonstrate high 
variability, on the order of a factor of 50 from low to high, and the variability does not 
correspond to a normal statistical distribution. E1921 uses Weibull statistics to analyze the 
cleavage onset data in the temperature region, requires a data set of 6 to 10 specimens, and 
fits the data with a "master curve" which is taken to be applicable to analysis of all ferritic 
structural steels. The intersection of this curve and a toughness level of KJ = 100 MPa√m is 
defined as the T0 reference temperature defining the transition temperature for the test steel. 

KJ is a fracture toughness stress intensity value derived from the integral value J and is a 
measurement of crack extension resistance near the onset of stable crack extension under 
mostly elastic conditions. KJ is calculated from J using Equation 4.1 which incorporates Poisson’s 
ratio (v) and the elastic modulus (E) of the material.  

𝐾𝐾𝐽𝐽 =  ��
𝐸𝐸

1 − 𝑣𝑣2
� 𝐽𝐽�

0.5

 

Equation 4.1 (10) 
 

Equation 5.1 can be used to relate Jc at the onset of instability to a linear elastic 
equivalent, KJc, which can be used in a predominantly elastic application. In a similar fashion, 
Equation 4.1 can relate the ductile initiation value JIc from E1820 to a linear elastic equivalent 
KJJIc, with the understanding that KJIc is only applicable to predominantly elastic conditions. In 
other words, small specimens can be tested in the laboratory to evaluate JIc or Jc and the results 
can be converted to linear elastic stress intensity values that can be used in very large and 
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nearly elastic applications like those found in LPVs. Cleavage onset only occurs in the intense 
stress field conditions that exist at the crack tip during linear elastic conditions, this explains 
both the E1921 Master Curve plot and why T0 evaluation are done in terms of KJ rather than 
using the J integral directly. 

4.2 ASTM E1921 Background 
In the course of the LPV investigation, a crucial decision surrounded the characterization 

of an MDMT which is a common method of selecting appropriate material for vessel 
construction. Background on the relationship between this value described in UCS-66 (14) and 
the modern T0 from E1921 is needed to fully understand the direction of material testing and its 
role in structural analysis. 

To avoid confusion, RTNDT is an index temperature determined from Charpy V-notch and 
nil-ductility temperature data that is intended to provide bounding fracture toughness values 
versus temperature. RTNDT is related to the nil-ductility temperature from ASME Boiler and 
Pressure Vessel Code, 2019. Section III Rules for Constructions of Nuclear Facility Components-
Division 1 (15) NB-2331 such that RTNDT = MAX{TNDT, T35/50 – 60} (in °F) where TNDT is the nil-
ductility-temperature from ASTM E208 Standard Test Method for Conducting Drop-Weight Test 
to Determine Nil-Ductility Transition Temperature of Ferritic Steel (16) and T35,50 is the 
transition temperature from Charpy V-notch specimens per ASTM E23 Standard Test Methods 
for Notched Bar Impact Testing of Metallic Materials (17). The use of RTNDT versus TNDT is 
intended to collapse the data more completely by accounting for the heat-to-heat differences 
in fracture toughness transition temperature, thereby collapsing fracture toughness into a 
single curve. The evidence suggests that RTNDT does not do this as well as the T0 reference 
temperature defined by ASTM E1921. The main reason for this is because of the more robust 
statistical and fracture-mechanics-based nature of the Master Curve methodology.  

RTT0 is a Master Curve-based index temperature determined from fracture toughness 
data that may be used as an alternative to RTNDT as permitted by ASME Code Cases N-629 Use 
of Fracture Toughness Test Data to Establish Reference Temperature for Pressure Retaining 
Materials Section XI, Division 1 (18) and N-631 Use of Fracture Toughness Test Data to Establish 
Reference Temperature for Pressure Retaining Materials Other than Bolting for Class 1 Vessels 
Section III, Division 1 (19) that establishes an RTNDT-like quantity from T0 via the relationship 
RTT0 = T0 + 35 °F. It is similar to RTNDT in the sense that it acts in the same way to bound fracture 
toughness versus temperature data, but the two are not equivalent since they are derived from 
different types of mechanical tests, i.e. impact tests and fracture toughness tests for RTNDT and 
RTT0, respectively. In order to use RTT0 as a substitute RTNDT, it must be assumed that RTT0 has 
the same implied margin as RTNDT. 

Kim Wallin demonstrated by statistical analysis that a KIC curve indexed to RTNDT 
corresponds very closely to a 97.5% tolerance bound for the original Welding Research Council 
(WRC) Bulletin 175 PVRC Recommendations on Toughness Requirements for Ferritic Materials, 
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1972 (20) KIC reference dataset that was used in development of fracture toughness rules for 
the ASME BPVC, Section VIII (2). A later report issued in 2002 by the Office of Nuclear 
Regulatory Research with the US Nuclear Regulatory Commission (NRC) extended this statistical 
analysis to its then-existing data and confirmed that the relationship RTT0 = T0 + 35°F was 
defensible as their analysis showed that this 97.5% tolerance bound was maintained for an RTT0 
indexed KIC curve.  

According to the exemption curves in UCS-66, all LPV materials are identified as Curve A 
materials, i.e. carbon or low alloy steel. The thickness ranges for fleet LPVs are well over 2 
inches routinely and possibly as thick as 4 or 5 inches for some of the largest vessels. Using 
these parameters to determine an MDMT from UCS-66 exemption curves would give an MDMT 
for the 4–5 inch thick components possibly as high as 120 °F. With this method, there is 
realistically no thickness that would be deemed acceptable for Class A LPV materials in any 
geographic location in winter. The Class A MDMT is approximately 85 °F for a 2 inch thick 
component. The Class A MDMT for a 0.394 inch component is approximately 20 °F, and LPV 
shell sections are much thinner. Additionally, the exemption curves only represent four T0 
values: (A = 114 °F, B = 76 °F, C = 48 °F, D = 12 °F), and it is difficult to justify a measure of T0 
that discretizes so drastically when a more direct and accurate measure of T0 from E1921 is 
available.  

While several attempts have been made to correlate Charpy impact and fracture tests, 
there is not yet enough consistency between materials to justify this connection with certainty. 
However, determining a structural evaluation temperature from the Master Curve is 
straightforward. The E1921 analysis procedure defines T0, the relationship between fracture 
toughness and temperature, and the statistical distribution of fracture toughness at a given 
temperature. Therefore, an MDMT can be directly determined by the intersection of the 
limiting Master Curve tolerance bound curve (at any desired confidence level) with fracture 
toughness where the fracture toughness is defined as the minimum fracture toughness 
required for safe operation based on a fracture mechanics analysis of a given vessel that 
accounts for the required pressure, vessel geometry, and assumed cracks. By defining a target 
minimum fracture toughness of the vessel and desired confidence level, engineers can 
determine MDMT directly from the E1921 Master Curve tolerance bounds.  

The test method delineated in ASTM E1921 is used to determine a reference 
temperature T0 that characterizes the fracture toughness of ferritic steels that experience onset 
of cleavage cracking at elastic, or elastic-plastic KJc instabilities, or both. The method uses the 
Master Curve concept to describe the transition in fracture toughness due to cleavage 
mechanisms as temperature decreases to the lower shelf. The Master Curve method defines 
the ductile-brittle transition temperature of structural steels using static tests of fatigue pre-
cracked fracture mechanics samples. This is the recommended method when a limited number 
and size of specimens are available for testing. shows a schematic of the brittle to ductile 
material behavior of ferritic steels with a superimposed Master Curve. 
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Figure 4.2-1: Example Cleavage with Master Curve Superimposed 

 

The transition region exhibits a mixture of ductile and brittle fracture mechanisms. 
Fracture is governed by the statistics of local initiation mechanisms, giving rise to a “weakest 
link” pattern of failure. On the lower shelf, the fracture variability is dramatically reduced since 
many initiation sites exist and the toughness is fairly constant. Figure 4.2-2 shows schematics of 
the failure mechanisms. 
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Figure 4.2-2: Schematics Depicting Cracking Mechanisms 

 

 

This method is a physics-based model and can handle the data scatter problem. The 
statistical relationship between specimen size and KJc fracture toughness can be assessed using 
weakest-link theory, thus providing a relationship between specimen size and KJc. 

The weakest link statistics in E1921 utilize a three-parameter Weibull model. Equation 
4.2 defines Jc cumulative failure probability distribution for a finite sample drawn from an 
infinite population of data for the test material. The data is ranked in ascending order according 
to Jc fracture toughness instability and assigned a cumulative probability value as shown in 
Figure 4.2-3. 
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Equation 4.2 

 
 

 
Figure 4.2-3: Probability of Failure (Pf) as a Function of JC in Weibull Space 

 
ASTM E1921 uses an engineering model where Kmin defines the lower shelf toughness 

resulting in a three-parameter Weibull model where P is the probability of failure (Pf) at or 
before KI as proposed by Wallin, Equation 4.2 (21). This model has been found to be a good fit 
for ferritic steels with b = 4 and Kmin = 20 MPa √m. Since only the scaling factor, K0, needs to be 
defined, only a small number of specimens need to be tested to fully define the Master Curve. 
Setting the Weibull slope at b = 4 pre-establishes scatter expectations so tolerance bounds are 
also fully defined with this method. 
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Figure 4.2-4: Determination of P and Pf by Weibull Distribution 

 

 
Figure 4.2-5: Round Robin Data Indicating Model Independence to Test Temperature. 

 
The statistical size effect (length of crack front) needs to be considered. The weakest 

length statistics indicate that Pf will be a function of the volume of material tested. Therefore, 
the length of the crack front is important since a longer crack front increases the probability of 
fracture. Two parameters to be considered are the thickness of specimen in testing, and the 
assumed or identified length of crack in structure. E1921 test data is normalized using the 
statistical model to a 1T equivalent 25.4mm (1 inch) specimen thickness or crack length before 
evaluating the Master Curve parameter, Ko (and thus To). The E1921 statistical size correction is 
defined as:  

𝐾𝐾𝐽𝐽𝐽𝐽(𝑥𝑥) = 20 + (𝐾𝐾𝐽𝐽𝐽𝐽(1) − 20) �
𝐵𝐵1
𝐵𝐵𝑥𝑥
�
1/4

 

Equation 4.3 (7) 
where B1 = thickness of the specimen, Bx = 25.4 mm, KJc(1) = the KJc for the specimen size B1, and 
KJc(x) = the KJc for the Bx = 25.4 mm thickness. 
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To apply the E1921 method, Equation 4.4 through Equation 4.7, replicate specimens are 
tested at a temperature near the estimated T0 to obtain Jc(i) and then KJc(i) at the onset of 
cleavage. Some trial and error is generally required to estimate the test temperature so that 
specimens cleave. The KJc(i) data is adjusted to the 1T (1 inch) thickness if necessary, then the 
scale parameter K0 is evaluated from the following equation: 

𝐾𝐾0 = ��
�𝐾𝐾𝐽𝐽𝐽𝐽(𝑖𝑖) − 20�

4

𝑁𝑁

𝑁𝑁

𝑖𝑖=1

�

1/4

+ 20 

Equation 4.4 (7) 
 
 

where N is the number of specimens. 

The E1921 Weibull scale parameter K0 corresponds to a 63% cumulative probability of 
fracture and is converted to KJc(med) corresponding to a 50% cumulative probability of fracture 
using Equation 4.5: 

𝐾𝐾𝐽𝐽𝐽𝐽(𝑚𝑚𝑚𝑚𝑚𝑚) = 20 + (𝐾𝐾0 − 20)[ln (2)]1/4 
Equation 4.5 (7) 

 

The T0 is calculated from (7) where Ttest is the test temperature. 

 
Equation 4.6 (7) 

 

 
Equation 4.7 (7) 

 

 

Figure 4.2-6 shows supporting data for the E1921 Master Curve method. Figure 4.2-7 
shows the typical variability of a large set of weldment fracture data in comparison with the 
corresponding Master Curve. Figure 4.2-8 shows the E1921 tolerance bounds which are 
predicted to capture the 95% upper bound and the 5% lower bound of the fracture data for a 
homogeneous ferritic steel. 

( ) 301 ln
0.019 70

Jc med
o test

K
T T

−  = −    
   

( )( ) 30 70exp 0.019Jc med oK T T= + −  
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Figure 4.2-6: Supporting Data Used to Validate Master Curve 

 

 
Figure 4.2-7: Example of Variability and Data Scatter Around Typical Master Curve  
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Figure 4.2-8: Master Curve Plotted Against the 95 % and 5 % Tolerance Bounding Curves 

 

E1921 does provide a more complicated but equivalent method to evaluate T0 when the 
test data is evaluated at more than one temperature. It also requires censoring of some data if 
the fracture toughness reached before cleavage is elevated above a set KJc(limit) that implies a 
loss of adequate crack tip constraint. 

E1921 has been predominantly developed by the commercial nuclear power industry to 
extend the life of commercial nuclear power plants. Defining the ductile to brittle transition of 
pressure vessel steels using Charpy based methods has been seen to be too conservative. This 
has resulted in almost all the data that has been developed to support the E1921 Master Curve 
and T0 reference temperature method being measured on high quality, clean, and consistent 
steels that are used in modern nuclear pressure vessels and components. The steels found in 
LPVs are ferritic structural steels of an earlier generation and that has caused some concern 
that the E1921 method might not be applicable to these steels. It has been found, however, 
that the E1921 method works well for the LPV steels. The main issue has been the low upper 
shelf toughness demonstrated by several of the LPV steels with KJIc < 80 MPa√m. Since this 
upper shelf toughness is less than 100 MPa√m, which is the toughness at which T0 is evaluated, 
for these LPV steels cleavage only occurs at temperatures well below T0 and the range of test 
temperatures that can be used to evaluate T0 is very limited. While E1921 limits the test range 
to T0 ± 50oC, the low upper shelf present in these steels limits the test temperature range only 
to temperatures below T0 and, in some instances, to temperatures between T0 – 20oC and T0 -
50oC. However, for all LPV steels of interest, a careful choice of test temperature has led to a 
successful evaluation of T0. 



Page 65 of 466 
 

The original version of E1921 assumed that the data set was homogeneous and, hence, 
that the confidence bounds presented in E1921 would apply. More recently, revisions have 
been made to determine whether a data set is likely to be homogeneous or not. If the data set 
is determined to be inhomogeneous, the E1921 tolerance bounds would be non-conservative. 
This E1921 result suggests that the user should proceed to a newly provided Annex X5 to 
investigate the inhomogeneity and to develop more conservative tolerance bounds. The 
downside is that the inhomogeneity annex requires more test data to obtain a revised median 
curve equivalent to the Master Curve and the corresponding tolerance bounds. The analysis is 
also more complex.  

In the following section, a code developed by NASA Marshall Space Flight Center 
(MSFC), named T0 Test Evaluation Module (T0TEM), is presented which evaluates the E1921 
master curve reference temperature T0 but also is capable of doing the E1921 inhomogeneity 
analysis. Two types of inhomogeneity are investigated in the E1921 Annex X5. The first 
inhomogeneity possibility is that the data set is composed of two different but distinct 
distributions of specimens. An example of a data set of this type is presented in Figure 4.2-9 
where specimens were taken from inner and outer plate layers of the vessel V0032 head. The 
standard analysis shown gives the T0 reference temperature and the confidence bounds. The 
immediate concern is that 5 of the 18 data points lie outside of the ±95% tolerance bounds, 
more than the 2 that would be expected. Figure 4.2-10 shows the inner and outer layer data 
separately annotated and the bimodal inhomogeneity analysis of Annex X5 applied and plotted. 
The bimodal analysis determines that two data sets are in fact present with Tb = -109 oC and Ta 
= -84 oC. The Annex X5 provides confidence bounds as shown in Figure 4.2-10 which are 
somewhat wider than those plotted in Figure 4.2-9  and now encompass the data set as 
expected. 
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Figure 4.2-9: Vessel V0032 Data Set, Master Curve, and Confidence Bounds for A225 Steel 

 

 
Figure 4.2-10: Bimodal Analysis of A225 Steel from the Hemispherical Head of Vessel V0032. 

 

0

100

200

300

-100 -50 0

380 vessel Inner and Outer To = -99oC
±95% E1921 Confidence Bounds
y=30+70*exp(.019*(x+99))

Temperature  oC

K Jc
1T

  M
Pa

 m
.5

0

50

100

150

200

-150 -100 -50 0

V0032 Code 380 Inner layer
KJc1T=30+70*exp(.019*(T+84))
±95% E1921 Confidence Bounds
V0032 Code 380 Outer layer data
KJc1T=30+70*exp(.019*(T+109))
±95% Confidence Bounds

Temperature oC

K Jc
1T

  M
Pa

 √
m



Page 67 of 466 
 

A nozzle weld heat affected zone data set is shown in Figure 4.2-11, demonstrating 
extensive variability beyond what would be expected by E1921. Figure 4.2-12 shows the 
application of both the bimodal and multimodal procedures of E1921 Annex X5 to this data set. 
The multimodal procedure assumes that the data set is a "smear" of Weibull distributions and 
obtains from the data a median equivalent to T0 called Tm and a standard deviation referred to 
as σTm. In this case, the multimodal analysis fits the data better than the bimodal analysis 
though it presents very wide tolerance bounds. However, the saving grace here is that all the 
estimates of the transition temperature, T0, TA , TB, Tm, and Tm+ 2σTm are low with respect to the 
vessel operating temperature. 

 
Figure 4.2-11: Nozzle Weld Data with Data Scatter Beyond E1921 Tolerance Bounds 
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Figure 4.2-12: Application of Bimodal and Multimodal Analysis Methods of E1921 Annex X5 

 

An alternate application for the E1921 Annex X5 multimodal analysis procedure is to 
evaluate a median transition toughness curve and corresponding tolerance bounds for a 
combined set of data that can be applied to the fleet of LPV applications. For example, the 
multimodal procedure has been applied in to a combined set of four A225 data sets. The A225 
steel used in a majority of the NASA LPVs demonstrates dramatic variability. The specimen-to-
specimen variability for a particular head is within the expectations of E1921, but the plate-to-
plate variation is extreme. The four data sets in Figure 4.2-13, for instance, have T0 values 
ranging from -99oC to -2oC. Applying the worst case result with T0 = -2oC in a deterministic 
fashion to all vessels with A225 heads would be very conservative and likely require replacing 
every vessel. Treating the four data sets as a multimodal data set using the technique of Annex 
X5 gives the median curve and tolerance bounds shown in Figure 4.2-13. Using these results in 
a probabilistic analysis would give a much more reasonable and accurate analysis of the 
structural integrity of an LPV.  
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Figure 4.2-13: A225 Data Multimodal Median Tm Curve and Corresponding Bounds 

 

T0TEM 

T0TEM is a software code that was created to efficiently analyze the large number of 
E1921 data sets produced for the LPV Project. The goal was to produce a program that could 
rapidly calculate and plot the master curve for a material. In addition, the software performs all 
necessary size adjustments, censoring, and validity checks in accordance with ASTM E1921. 
Recently, the addition of Annex X5 Treatment of Potentially Inhomogeneous Data Sets to ASTM 
E1921 created the need for additional functionality of T0TEM to calculate master curve plots 
related to ferritic steels that exhibit inhomogeneity. These methods assess whether the data 
set is likely to be inhomogeneous and they provide methods to characterize the 
inhomogeneous data. 

From ASTM E1921 X5.3.2.1: 

The bimodal toughness distribution applies to data sets that contain two toughness 
populations; the first population is more brittle than the second. Typically, such 
toughness distributions are encountered in heat-affected zone (HAZ) materials where 
the crack tip can sample the low- or high toughness material. The combined bimodal 
toughness distribution is fully defined by three parameters: the reference temperature 
of population A, TA, the reference temperature of population B, TB, and the probability 
of sampling a specimen from population A, pA. The probability of sampling a specimen 
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from population B is equal to 1-pA. Populations A and B are defined using the 
convention TB ≤ TA. 

 

From ASTM E1921 X5.3.3.1: 

The multimodal toughness distribution applies to data sets that contain randomly 
distributed toughness populations. Typically, such cases are encountered in 
heterogeneous ferritic steels, for which the macroscopic heterogeneities are randomly 
distributed, or data sets of similar materials that are combined together. The overall 
data set is composed of several populations that individually follow the master curve 
distribution. The combined distribution is fully defined by two parameters: the mean 
reference temperature of all populations (Tm), and the standard deviation around the 
mean (σTm). 

T0TEM’s integrated analysis and plotting tools allow the user to input raw data in the 
form of standard sample measurements and individual test values. The sample measurements 
and values do not require modification prior to input which saves significant time usually 
required to perform size adjustments. This data is then processed through the standard master 
curve evaluation, as well as the inhomogeneity evaluation. The results are plotted and exported 
in figures and tables as shown in Figure 4.2-14 through Figure 4.2-16. By doing this, this 
software allows for large data sets to be processed quickly with all required outputs and plots 
generated automatically within seconds. 
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Figure 4.2-14: Example T0TEM Input Data 
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Figure 4.2-15: Example T0TEM Master Curve Plot 

 

 
Figure 4.2-16: Example T0TEM Bimodal Master Curve Plot 
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The T0TEM Program has been evaluated by ASTM for accuracy and will continue to 
undergo verification and validation tests going forward. It is the goal of the committee to utilize 
T0TEM as a validated engineering software that will be accessible to users who may be new or 
unfamiliar with the detailed working of E1921.  

Table 4.2-1: Comparison of T0TEM with ASTM Master Curve Results 

 
 

Table 4.2-2: Comparison of T0TEM with ASTM Bimodal Master Curve Results 
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Table 4.2-3: Comparison of T0TEM with ASTM Multimodal Master Curve Results 

 
 

5 LPV FLEET CHARACTERIZATION 
 The NASA LPV fleet contains mostly non-code vessels manufactured in the late 1950s 
and early 1960s. Materials used in construction of these LPVs were considered the best 
available at the time, but in some cases, they have shown poor fracture properties when later 
studied. Another nuance of these construction materials is the variability in raw stock 
production techniques, and thus in mechanical properties. Each vessel purchased by NASA was 
typically delivered with material data sheets and drawings indicating the different steels used in 
fabrication.  However, a number of LPVs in the current NASA fleet were acquired from other 
government organizations and paperwork did not always follow them. When available, this 
data was used at the start of the LPV effort not only to keep track of the different materials in 
use, but also to direct the testing most effectively.  

 When the decision was reached to acquire test specimens from decommissioned vessels 
to characterize the materials, it was decided that the focus should be on materials that would 
cover the greatest portion of the fleet. The LPV fleet database was created by collecting vessel 
data packages from each center’s pressure systems team and compiling them into a 
comprehensive list of LPVs and their materials. This allowed the LPV materials team to target 
materials for testing to cover the most in-service vessels. 

 There are four types of material characterizations for this effort. First, there are 
materials that have been tested as part of the effort, and therefore their properties have been 
properly characterized by modern test methods and analysis. Second are materials that have 



Page 75 of 466 
 

been widely characterized in literature. Many of these are more modern materials whose 
contents and properties were more tightly controlled at time of production, or which saw 
significant service in other industries. They are considered to be bounded in literature and 
testing was minimal or not conducted at all. Next, are materials that are bounded by testing. 
These materials have been tested, however not necessarily in the target location. For example, 
the T-1 steel was tested in a thick wrapper layer, but not in the head. Head T-1 material is 
considered to be bounded by this testing as the investigation gave significant confidence in the 
similarity of these material locations. The last are a few materials which, due to proprietary 
blending or missing records, are unknown. These materials have little data available and are 
found in only a few vessels in the fleet. In general, it is impossible to test these materials since 
they are often in one-of-a-kind vessels created for a purpose unique to NASA. The risk 
associated with these vessels must be bought down through methods other than material 
property characterization, or the vessels must be removed from service. 

5.1 Database Summary 
 It was common for LPVs to be manufactured using a variety of materials, depending on 
the component. Figure 5.1-1 through Figure 5.1-4 break down the quantity of vessels with 
certain materials by component. This demonstrates the logic used in selecting materials for 
testing, as well as the quantities of vessel components covered by testing, literature, or falling 
into the unknown/uncharacterized category. If a material was tested for one component, but 
not another, it may be considered bounded by the first component, or remain uncharacterized. 
Some materials behave differently depending on the produced thickness and the work required 
to form them into the proper shape. 

 The three main components of an LPV are the heads, nozzles, and layered shell 
course(s). Shell courses often include an inner layer which is thicker and of a different material. 
This layer provided a sufficiently stiff liner for wrapping of subsequent layers, provides the 
pressure boundary, shields the rest of the vessel layers from the contents of the vessel, and 
generally shares the loading due to pressure. As a result, the material fleet characterization of 
the inner layer is broken out separately from the standard wrapper layers. 
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Figure 5.1-1: Fleet Characterization, Head Materials 

 

 
Figure 5.1-2: Fleet Characterization, Nozzle Materials (Head and Shell) 

 

 

ASTM A225 Gr. B, 149

ASTM A225 Gr. C, 2

A302 Gr B, 22

SA-516-70, 3

SA-517F (T-1), 17

A350-LF3, 6

SWC 100302, 2

SA-302 Gr. B SS Clad, 1

AOS 1148b, 5

Unknown, 2Other, 21

Head

Tested Bounded Known Material (Literature) No Data

5002 Mod., 247

A105, 111

A302, 20

A350-LF3, 68

A350-LF2, 16

A312, 6

A182-F304, 16

SA517-F (T-1), 54

SWC 90336, 8

Other, 14

Nozzle

Tested Bounded Known Material (Literature) No Data



Page 77 of 466 
 

 
Figure 5.1-3: Fleet Characterization, Wrapper Materials 

 

 
Figure 5.1-4: Fleet Characterization, Inner Layer Materials 
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6 REFERENCE LITERATURE MATERIALS 
NASA oversees the operation and maintenance of a fleet of LPVs across the United 

States. Nearly 300 of the fleet’s current vessels were constructed in the 1960s before LPVs were 
included in the ASME BPVC. Therefore, they were not built-in accordance with ASME BPVC 
requirements. Due to the inherent risk and potential catastrophic failure involved with pressure 
vessels that store compressed gas, the safety and risk of all aforementioned vessels must be 
examined to assess compliance with Occupational Safety and Health Administration (OSHA) 
standards as outlined by NASA Pressure System Recertification Programs. 

As previously mentioned, many of the vessels in the fleet date from the 1960s and 
therefore have no viable original manufacturer contacts as many manufacturers are either no 
longer in business or do not have accessible records. Some vessels are also found in such small 
quantities in the fleet that testing is not an option. In an attempt to fill in missing information 
related to proprietary or discontinued materials, the LPV team has put together a data packet 
of relevant documentation, official documented correspondence with manufacturers, 
manufacturer specifications, etc. The following material sections give relevant properties of 
these materials as best can be discovered. 

These materials can be broken down into three types, each with its own section to 
follow. 

The first group contains materials that are code materials addressed by ASME BPVC VIII 
UCS-66. These materials have been evaluated by ASME and are considered to be code 
compliant construction materials. ASME designates ferrous alloys with “SA-” preceding the 
number, rather than simply “A” as is done by ASTM (the alloy number designations are the 
same). In some cases, the ASME specification is identical to the ASTM specification, but 
sometimes additional requirements are added. For simplicity materials will generally be 
referred to by their ASTM designations. 

The second group contains materials that are not in the BPVC, but have significant 
reference literature. These may be ASTM-defined materials or materials that have been well 
studied and have well defined properties. 

The third group contains proprietary legacy materials that have little or no information 
available. Often these materials are based on common materials but with chemistry and/or 
physical properties modified by the manufacturer, and with no traceability or history 
documented. What information can be found on these materials is usually in the form of mill 
certifications and does not match any known alloy. 

6.1 Code Materials 
 Code materials are materials that are referenced by the ASME BPVC. These materials 
have been evaluated and accepted by ASME as compliant materials. Therefore, they were not 
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targeted during the testing phase of the LPV project. The information herein serves to 
reference and supplement the information contained within the BPVC. 

6.1.1 A350   
A350 is a carbon/low-alloy steel forging material governed by ASTM’s Standard 

Specification for Carbon and Low-Alloy Steel Forgings, Requiring Notch Toughness Testing for 
Piping Components (22). 

6.1.1.1 Material Specification Properties  

6.1.1.1.1 ASME BPVC Properties  
 

Table 6.1.1.1.1-1: A350 ASME BPVC Material Properties (22) 

 
 
 

6.1.1.1.2 ASTM Specification Properties  
 

Table 6.1.1.1.2-1: ASTM A350 Mechanical Properties (22) 

 
 

 

Table 6.1.1.1.2-2: ASTM A350 Chemical Composition (22) 

 
 

6.1.1.2 Mill Test Report (MTR) Properties 
No mill test reports were found containing test data for A350 materials used in LPV creation. 

Yield Stess min (ksi) Tensile Stress (ksi) Fracture Elongation (%)
LF1 30 60-85 25
LF2 36 70-95 22
LF3 37.5 70-95 22

C (max) Mn P (max) S (max) Si (max) Ni Cr (max) Mo (max) Cu (max) V (max)
Grade LF1 0.3 0.60-1.35 0.035 0.04 0.15-0.30 0.4 (max) 0.3 0.12 0.4 0.08
Grade LF2 0.3 0.60-1.35 0.035 0.04 0.15-0.30 0.4 (max) 0.3 0.12 0.4 0.08
Grade LF3 0.2 0.60-1.35 0.035 0.4 0.20-0.35 3.3-3.7 0.3 0.12 0.4 0.03



Page 80 of 466 
 

6.1.1.3 Fracture Results  
A literature search identified an ASTM E1921 analysis that had been conducted on a 

section of A350 flange material for the purpose of offshore piping qualification. These flanges 
are similar to the flanges used in LPV nozzles. The results of these tests are published by F.M 
Haggag in In-Situ Automated Ball Indention Testing of A350 Steel Flanges at Ambient 
Temperature for Offshore Qualifications at -46°C (-50°F) (23). Compact tension specimens 
from A350 flanges were tested according to E1921. The T0 from the compact tension tests 
was found to be -115°C. A transition temperature at this level places A350 material lower 
than the majority of other LPV materials tested, and thus as a low concern from a material 
property standpoint. The Master Curve results as presented by F.M. Haggag are shown in 
Figure 6.1.1.3-1 (23)

 
Figure 6.1.1.3-1: A350 Master Curve Results 

6.1.2 A517 (T-1) 
T-1 is the United States Steel Corporation (USS) trade name for a low-carbon, high-

strength quenched and tempered alloy steel which has been accepted as both an ASTM and an 
ASME material, designated A517 (24) or SA-517, respectively. (The A517 specification includes a 
number of slightly different chemistries associated with different letter designations following 
the number, apparently for reasons related to the USS patent on the alloy. The material was 
used extensively in the pressure vessel industry around the time of its introduction. It exhibits 
good strength and toughness properties, but both weld and parent material have in some cases 
exhibited a tendency to crack. The governing material standards are the ASTM A517/A517M-84 
Standard Specification for Pressure Vessel Plates, Alloy Steel, High-Strength, Quenched and 
Tempered and the comparable ASME SA-517/517M standard of the same name. 
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6.1.2.1 Material Specification Properties  

6.1.2.1.1 ASME BPVC Properties  
  

Table 6.1.2.1.1-1: SA-517 ASME BPVC Material Properties 

 
 

6.1.2.1.2 ASTM Material Properties  
 

Table 6.1.2.1.2-1: ASTM A517 Mechanical Properties (24) 

 
 
 

Table 6.1.2.1.2-2: ASTM A517 Chemical Composition (24)  

 
 

6.1.2.2 Mill Test Report (MTR) Properties 
No mill test reports were found containing test data for A517F materials used in LPV creation. 

6.1.2.3 Fracture Results  
The transition temperature of A517F steel was investigated by John M. Barsom and 

Stanley T. Rolfe in KIc Transition Temperature Behavior of A517-F Steel in 1971  (25). Their work 
details an investigation into the transition from ductile tearing to brittle fracture utilizing pre-
cracked three-point bend specimens. This report is essentially a precursor to the ASTM E1921 
test method, as it conducts tests in a similar manner and with a similar goal. However, at the 
time of its writing, the Master Curve method was not applied. Despite this, the test data shows 
exceptional similarity to the E1921 method. 

In light of this, the original plot from Barsom and Rolfe was digitized, and the individual 
data points extracted as best possible in order to apply the modern Master Curve method 
found in E1921 and determine the T0 of this data set. It is impossible to be certain of all validity 
criteria, however the data set is expansive enough to give confidence of its validity. The Barsom 
and Rolfe analysis also noted that the fractography of the fracture specimens indicated that the 

Yield Stess min (ksi) Tensile Stress (ksi)
Fracture Elongation in 2 

in,min (%)
Reduction of 
Area, min (%)

Grade F 100 115-135 16 45

C Mn P (max) S (max) Si Ni Cr Mo Cu V
Grade F 0.08-0.22 0.55-1.10 0.035 0.04 0.13-0.37 0.67-1.03 0.36-0.69 0.36-0.64 0.15-0.50 0.02-0.09
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transition was a result of microscopic fracture mode, exactly as would be later defined in ASTM 
E1921. 

 
Figure 6.1.2.3-1: A517F Original Plot and Curve Fit from Barsom and Rolfe  (25) 
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Table 6.1.2.3-1: A517F Raw Test Data 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

δi
Test Temp -T0 

(°C)
1 -196 36.5 33.8 1 -130
2 -196 38.3 35.4 1 -130
3 -196 39.4 36.3 1 -130
4 -156 44.2 40.3 1 -91
5 -135 58.8 52.6 1 -70
6 -116 62.8 56.0 1 -50
7 -158 48.5 48.5 1 -92
8 -155 48.4 48.4 1 -89
9 -136 53.0 53.0 1 -71
10 -132 51.8 51.8 1 -66
11 -124 53.3 53.3 1 -58
12 -110 62.2 62.2 1 -45
13 -110 55.0 55.0 1 -44
14 -90 69.6 69.6 1 -24
15 -79 66.3 66.3 1 -13
16 -96 76.9 76.9 1 -30
17 -84 83.1 83.1 1 -19
18 -80 77.0 77.0 1 -15
19 -74 81.1 81.1 1 -8
20 -75 83.5 83.5 1 -9
21 -65 93.8 93.8 1 0
22 -70 96.5 96.5 1 -5
23 -60 112.8 112.8 1 5
24 -53 119.7 119.7 1 12
27 -93 80.3 91.7 1 -28
28 -76 85.9 98.4 1 -11
29 -67 100.2 115.3 1 -1
30 -63 110.2 127.3 1 3
31 -46 127.6 147.9 1 19
32 -46 139.5 162.1 1 19
33 -42 138.7 161.1 1 23
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Table 6.1.2.3-2: A517F Master Curve Results 

 
 
 

Table 6.1.2.3-1 

 
Figure 6.1.2.3-2: A517F Master Curve (T0 = -66°C) 

 

Initial T0 (°C) -66
Total Samples 33
Number of Samples Between +50/-50°C (N) 20
Number of Uncensored Data (r) 20
Poisson's Ratio 0.3
Σ(ri ni) 3.1
Samples Between Ti - T0 50 to -14 °C 13
Samples Between Ti - T0 -15 to -35 °C 5
Samples Between Ti - T0 -36 to -50 °C 2
T0scrn (°C) -66
Homogenous or Inhomogeneous Homogeneous
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Table 6.1.2.3-1, Table 6.1.2.3-2, Figure 6.1.2.3-1 and Figure 6.1.2.3-2 show the results of the 
digitized Barsom and Rolfe data  (25). As expected, the data fits well in the context of the E1921 
master curve. While the digitized data likely contains some degree of error, the final result of T0 
= -66°C is directly in family with modern data. This gives significant confidence to the continued 
use of verified A517F (T-1) steel in LPVs. 

6.1.3 SA-724  
A724 Grade B is a low-alloy steel plate material. The governing material standard 

specification is ASTM Standard Specification for Pressure Vessel Plates, Carbon-Manganese-
Silicon Steel, Quenched and Tempered, for Welded Layered Pressure Vessels, also known as 
ASTM Designation: A 724/A 724M – 97 (26). 

6.1.3.1 Material Specification Properties  
Numerous standards and specifications exist for the SA-724 material. However, only the 

most widely accepted records have been listed below. 

6.1.3.1.1 ASME BPVC Properties 
 

Table 6.1.3.1.1-1: ASME SA-724 BPVC Material Properties 

 
 

6.1.3.1.2 ASTM Specification Properties  
 

Table 6.1.3.1.2-1: ASTM A724 Mechanical Properties (26). 

 
 
 

Table 6.1.3.1.2-2: ASTM A724 Chemical Composition (26). 
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6.1.3.2 Mill Test Report (MTR) Properties 
No mill test reports were found containing test results for A724 materials used in LPV 

creation. 

6.1.3.3 Fracture Results  
There are no test results for A724. 

6.1.4  A387  
387 Grade D is an alloy steel and is intended for use in the petrochemical/pressure vessel 

industry. The governing material standard specification is ASTM A387 Standard Specification for 
Pressure Vessel Plates, Alloy Steel, Chromium-Molybdenum (27) 

6.1.4.1 Material Specification Properties  
Numerous standards and specifications exist for the SA-387 material. However, only the 

most widely accepted records have been listed below. 

6.1.4.1.1 ASME BPVC Materials  
 

Table 6.1.4.1.1-1: SA-387 ASME BPVC Material Properties 

 
 

6.1.4.1.2 ASTM Specification Properties 
 

Table 6.1.4.1.2-1: ASTM A387 Mechanical Properties (27) 
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Table 6.1.4.1.2-2: ASTM A387 Chemical Properties (27) 

 
 

6.1.4.1.3 Welding Research Council Technical Review  
 

In 1980, Alan Pense presented the Adams Lecture:  Twenty Years of Pressure Vessel Steel 
Research (28), which included the following properties for ASTM A387: 
 

Table 6.1.4.1.3-1: Technical Paper/Review Material Mechanical Properties (28) 

 
 
 

Table 6.1.4.1.3-2: Technical Paper/Review Chemical Composition (28) 

 
 

6.1.4.2 Mill Test Report (MTR) Properties 
Available data package reports for current fleet vessels provide some vessel-specific properties. 
According to the records, data was obtained from the U1-A data package provided by the 
manufacturer (Taylor Forge) and included in reference (29). Note that the values provided 
appear to be specification values, not values from MTRs. 

 
Table 6.1.4.2-1: MARS Vessel U Package (29) 

 
 
 

6.1.4.3 Fracture Results  
There are no test results for A387/SA-387. 
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6.1.5 SA-182 
SA-182 Grade F 316L is a forged austenitic stainless steel. The governing material 

standard specification is ASTM A182/A182M-20 Standard Specification for Forged or Rolled 
Alloy and Stainless-Steel Pipe Flanges, Forged Fittings, and Valves and Parts for High-
Temperature Service (30). 

6.1.5.1 Material Specification Properties  
Numerous standards and specifications exist for the A182 material. However, only the 

most widely accepted records have been listed below. 

6.1.5.1.1 ASME BPVC Properties  
 

Table 6.1.5.1.1-1: ASME SA-182 ASME BPVC Material Properties 

 
 

6.1.5.1.2 ASTM Specification Properties 
 

Table 6.1.5.1.2-1: ASTM A182 Mechanical Properties (30) 

 
 
 

Table 6.1.5.1.2-2: ASTM A182 Chemical Composition (30) 

 
 

6.1.5.2 Mill Test Report (MTR) Properties 
No mill test reports were found containing tests of A182 Grade F316L materials used in LPV 
creation. 

6.1.5.3 Fracture Results  
There are no internal test results for A182. 
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6.1.6 A312 

6.1.6.1 General Material Properties 
A312 Grade T304 is an austenitic stainless steel pipe material. The governing material 

standard specification is ASTM A 312/A 312M – 95a Standard Specification for Seamless and 
Welded Austenitic Stainless-Steel Pipes, (31). Later versions of the standard, with a slightly 
different name, cover a wider range of materials and forms, including heavily worked materials. 

6.1.6.2 Material Specification Properties  
Numerous standards and specifications exist for the A312 material. However, only the 

most widely accepted records have been listed below. 

6.1.6.2.1 ASME BPVC Materials 
 

Table 6.1.6.2.1-1: ASME SA-312 BPVC Material Properties 

 
 

6.1.6.2.2 ASTM Specification Properties  
 

Table 6.1.6.2.2-1: ASTM A312 Mechanical Properties (31) 

 
 
 

Table 6.1.6.2.2-2: ASTM A312 Chemical Composition (31) 

 
 

6.1.6.3 Mill Test Reports (MTR) 
No mill test reports were found containing tests of A312 materials used in LPV creation.  

6.1.6.4 Fracture Results  
There are no internal test results for A312. 
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6.1.7 SA-516  
SA-516 Grade 70 is a low-alloy steel plate material frequently used for pressure vessel 

shells and heads. The governing material standard specification is ASTM A516/A516M-70 
Standard Specification for Pressure Vessel Plates, Carbon Steel, for Moderate and Lower-
Temperature Service (32). 

6.1.7.1 Material Specification Properties  
Numerous standards and specifications exist for the SA-516 material. However, only the 

most widely accepted records have been listed below.  

6.1.7.1.1 ASME BPVC Materials  
  

Table 6.1.7.1.1-1: SA-516 ASME BPVC Material Properties 

 
 

6.1.7.1.2 ASTM Specification Properties 
 

Table 6.1.7.1.2-1: ASTM A516 Mechanical Properties (32) 
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Table 6.1.7.1.2-2: ASTM A516 Chemical Composition (32) 

 
 

6.1.7.1.3 Welding Research Institute Supplement 311-S 
 
Pense (28), provided material properties and chemistry values for 516-70: 
 

Table 6.1.7.1.3-1: 516-70 Normalized Condition Mechanical Properties) (28) 

 
 

Table 6.1.7.1.3-2: 516-70 Chemical Composition (28) 

 
 

6.1.7.2 Mill Test Report (MTR) Properties 
No mill test reports were found containing tests of A516 materials used in LPV creation. 

6.1.7.3 Fracture Results  
There are no internal test results for SA-516.  

6.1.8 A302B Plates 

6.1.8.1 General Material Information 
This section consists of a compilation of relevant material properties for ASTM A302 

Grade B, herein after referred to as A302B. A302B is a manganese-molybdenum alloy that was 
created for welded boilers and other pressure vessels in accordance with ASTM A302 
Specification for Pressure Vessel Plates, Alloy Steel, Manganese-Molybdenum and Manganese-
Molybdenum-Nickel  (33). At the time, there were four standard grades of A302, however 
A302B is the only one found in the LPV fleet. It should be noted that the A302B specification 
was discontinued in 1989. A302B was most commonly found in nuclear pressure vessels, where 
the majority of research data has been obtained. In addition, the LPV program tested A302B 
material taken from an out-of-service vessel. The results of the NASA investigation can be found 
in Section 7.2.3. 
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Most of the data presented in this report comes from U.S. Nuclear Regulatory 
Commission NUREG reports or other research work sponsored by the U.S. Nuclear Regulatory 
Commission since several early commercial nuclear plants had pressure vessels constructed of 
A302B modified steels. A302B steel was used in several of the early commercial nuclear 
reactors and its fracture toughness was extensively studied after these vessels were built and 
put in operation. A302B steel was one of the first post-World War II steels that could be heat 
treated and welded when used in the construction of large-scale pressure vessels. The original 
A302 Standard did not control nickel and, as time went on, up to 1% nickel (Ni) was added to 
A302B to improve the fracture properties and to improve hardenability. This version of A302 
was termed "A302B modified" and generally contains from 0.2% to 0.7% Ni, leading to a variety 
of properties. 

A302B is generally air-cooled or cooled in a water spray to 500°F or cooler, then 
tempered in the range of 1225-1275°F for several hours. In most applications, the steel was 
then stress-relieved for 30 hours or more at a lower temperature of about 1150°F and then 
furnace cooled to 600°F or lower from which it was air cooled to ambient temperature. 

6.1.8.2 Material Specification Properties  
A302B is not a proprietary material, therefore the mechanical properties and chemical 

compositions should be by ASME or ASTM standard. However, in-house adjustments, resulting 
in “A302B modified” were common and often not fully documented. Therefore, only the base 
material specification is provided. 

6.1.8.2.1 ASME BPVC Materials  

6.1.8.2.2 ASTM Specification Properties 
 

Table 6.1.8.2.2-1: ASTM A302 Mechanical Properties (33)  

 
 

 

Yield Stess min (ksi) Tensile Stress (ksi)
Fracture Elongation in 

8 in,min (%)
Fracture Elongation in 

2 in,min (%)
Grade B 45 80-100 15 18
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Table 6.1.8.2.2-2: ASTM Specification Chemical Composition (33) 

 
 

6.1.8.3 Mill Test Report (MTR) Properties 
The available data package reports for current fleet vessels provide the melt slab-

specific mechanical properties and chemical compositions listed in Table 6.1.8.3-1 and Table 
6.1.8.3-2. 

Table 6.1.8.3-1 MTR Mechanical Properties 

 
 

 

Table 6.1.8.3-2: MTR Chemical Compositions 

 
 

6.1.8.4 Fracture Data  
The large test program of A302B steel plate properties was conducted by Don McCabe 

at Oak Ridge National Laboratory (ORNL) and reported extensively in NUREG/CR6426 Ductile 
Fracture Toughness of Modified A302 Grade B Plate Materials, Data Analysis (34). The results 
showed that the J-R curves developed using what became the ASTM E1820 test procedure were 
specimen size independent, at least if the specimens were all scaled compact tension (C(T)) 

C (max) Mn P (max) S (max) Si Mo
Grade B 0.25 1.07-1.62 0.035 0.04 0.13-0.45 0.41-0.64

Melt/Heat Yield Stress (ksi) Tensile Stress (ksi) Elongation (%)

A9149 72 100 28
412992 40 77 30
B4634 74 95 27
84065 78 99 28

151425 51 75 26
011966 68 88 27
011863 66 85 30
011927 69 83 29

Melt/Heat Cert Origin C Mn P S Si Ni V Mo
A9149 Lukens Steel Co 0.22 1.36 0.013 0.016 0.26 0.54 --- 0.46
412992 US Steel 0.34 0.78 0.011 0.023 0.22 --- --- ---
B4634 Lukens Steel Co 0.19 1.39 0.009 0.016 0.24 0.52 --- 0.46
84065 Lukens Steel Co 0.21 1.29 0.01 0.01 0.23 0.53 0.45 ---

151425 US Steel 0.19 0.93 0.016 0.029 0.18 --- --- ---
011966 US Steel 0.21 1.34 0.019 0.024 0.21 0.62 0.54 ---
011863 US Steel 0.19 1.33 0.012 0.021 0.2 0.58 --- 0.51
011927 US Steel 0.18 1.26 0.01 0.019 0.2 0.6 --- 0.54

Chemistry (%)
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specimens. The test matrix of this program is shown in Table 6.1.8.4-1, the steel chemistries are 
presented in Table 6.1.8.4-2, and the tensile mechanical properties are presented in Table 
6.1.8.4-3. This program resulted in a wealth of upper shelf toughness data for applications using 
A302B steel as is the case for the present layered pressure vessel study. 

 Table 6.1.8.4-4 presents NDT and RTNDT results for the seven A302B plates and Charpy 
V notch test results are presented in Table 6.1.8.4-5. The results showed that there is 
considerable variability in the seven test plates, but generally the lowest toughness occurred 
for specimens with the cracks oriented in the L-T orientation.  

 Since it is difficult to compare J-R curves directly, Figure 6.1.8.4-1 and Figure 6.1.8.4-2 
show the measurements taken from each J-R curve and tabulated for comparison. These 
measurements were then summarized in tables like that of Table 6.1.8.4-4 and Table 6.1.8.4-6 
for the subset of test specimens with the T-L oriented crack planes. The McCabe NUREG report 
included J-R curves for all specimens plus curve fits and additional comparisons. Study of the 
test results led to the conclusion that there was no size dependence present in the 1/2T to 4T J-
R curves measured in this study. The results at the bottom of the table in Table 6.1.8.4-6 show, 
for comparison, the results of the A.L. Hiser (35) study which did show a distinct trend in 
toughness with specimen size. 

 Figure 6.1.8.4-2 shows a typical J-R curve taken from the NUREG/CR6426. In this case 
the specimen is a 1/2T size specimen from plate Z6A tested at 180°F. Figure 6.1.8.4-3 shows 
average J-R curves for each of the seven test plates of the McCabe study, as well as an average 
(in some way that was not explained) specimen from the Hiser study. The material variability 
over the seven A302B plates was much more pronounced than the specimen geometry 
dependence with the V50 Hiser plate being by far the lowest toughness plate. 

Table 6.1.8.4-7 presents fracture toughness parameters averaged over repeat 
specimens to demonstrate how the crack plane orientation affects the measured fracture 
toughness. It is clear that the T-L orientation is the lowest toughness orientation. The L-T and L-
S orientations do not show a pattern of consistent relative toughness, with the L-T results 
sometimes higher in toughness, and sometimes the L-S toughness higher. The McCabe et al. 
(34) report included hundreds of plots of J-R curves and CTOD-R curves. One example is shown 
in Figure 6.1.8.4-4 to demonstrate the high quality of the data obtained in this study. 
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Table 6.1.8.4-1: Fracture Property Study Test Matrix from McCabe et al. (34) 
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Table 6.1.8.4-2: A302B-Modified Chemical Compositions from McCabe et al. (34) 

 
 

 

Table 6.1.8.4-3: Modified Tensile Properties from McCabe et al. (34) 
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Table 6.1.8.4-4 shows T-L Orientation Reference temperature results for the seven 
A302B steel plates in the weaker T-L crack plane orientation 

 
Table 6.1.8.4-4: Tabulated A302B Reference Temperature Results from McCabe et al. (34) 

 
 

 
 



Page 98 of 466 
 

Table 6.1.8.4-5: A302B Charpy Toughness Results from McCabe et al. (34) 
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Figure 6.1.8.4-1: J-Integral Versus Crack Growth from McCabe et al (34) 
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Test results in Table 6.1.8.4-6 show that the fracture tests in the T-L orientation did 
not demonstrate any specimen size effects. 

 
Table 6.1.8.4-6: T-L Orientation Fracture Test Results from McCabe et al. (34) 
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Figure 6.1.8.4-2: Typical J-R Curve for A302B from McCabe et al. (34) 
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Figure 6.1.8.4-3 shows the average J-R curves for each plate and the material 
variability present in the seven A302B plates tested by McCabe et al. (14), the Hiser V50 
plate, and a "vintage" ASTM A533 Specification for Pressure Vessel Plates, Alloy Steel, 
Quenched and Tempered, Manganese-Molybdenum and Manganese-Molybdenum-Nickel 
(36) plate. 

 
Figure 6.1.8.4-3: J-R Results from McCabe et al. (34) 
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Table 6.1.8.4-7 shows the effect of crack plane orientation on the measured fracture 
parameters. The T-L crack plane orientation generally has lower fracture toughness when 
measured using a J-R curve. 

 
Table 6.1.8.4-7: Tabulated Averaged Results from McCabe et al. (34) 
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Figure 6.1.8.4-4: Typical Analysis Plot from McCabe et al.  (34) 

 

 Besides defining the upper shelf toughness, it is important to identify the temperature 
of the ductile-brittle transition of the A302B steel since it is a ferritic pressure vessel steel 
developed generally for elevated temperature applications. In LPV application at NASA research 
facilities, the LPVs operate at ambient temperature which can sometimes be well below 0°C. 
Most data characterizing the ductile-brittle transition temperature for A302B steels are 
available as Charpy impact test results, as shown in Figure 6.1.8.4-5. To quantify this data set, 
the intersection of the "French Curve" fit and a convenient toughness level, like 20 ft-lb (28 
Joules) or 30 ft-lb (41 Joules) was taken as the transition temperature. In this example taken 
from Hiser (35), the 30 ft-lb transition temperature would be approximately 0°C while the 20 
foot-pound transition temperature would be -10°C. 
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Figure 6.1.8.4-5: Charpy Ductile-Brittle Characterization Plot for A302B Steel (34) 

 

 Searching for more recent data utilizing the ASTM E1921 T0 reference temperature does 
not result in many hits. At present, only three such data sets seem to be reported in the 
literature. One example is the data set reported by R. Chaouadi et al. (37) and two other 
examples are reported in ASTM Manual 52 (38). The Chaouadi result is T0 = -61°C and 
corresponds to tests samples removed from an A302B modified steel vessel of the 
decommissioned ORNL research reactor BR3 that had been irradiated and then "wet annealed" 
at 343°C (650°F) for a week. Hence, the history and heat treatment were not typical of standard 
A302B as shipped by the original vendor, and the low T0 result here has to be considered a data 
point corresponding to an annealed A302B modified steel. The reported tensile properties of 58 
ksi for the yield stress and 90 ksi for the ultimate strength are typical of A302B steel. The nickel 
content of 0.47% in the sample is consistent with the modified version of A302B steel, which is 
now considered to be A302 Grade C. 

 The two T0 results that were reported in the ASTM Manual 52 were widely divergent 
with one being T0 = -87°C and the other being T0 = 69°C. The first result corresponds to the 
plate Z7 which was part of the McCabe A302B study reported in reference (34). The Z7 plate 
was the second toughest plate in terms of the J-R curve, though the JIc was average. The 
material with the high T0 reported in the second case was referred to as normalized A302B in 
the Manual 52, but no clear information was provided on the heat treatment process and the 
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data set was referred to as unpublished ORNL data. The following information summary is 
provided regarding common heat treatments applied to A302B steel. 

 Plates between 2 inches and 4 inches in thickness are normalized. This means that they 
are air cooled from the austenitizing temperature and subsequently tempered in the range of 
1100-1300°F (595-705°C). The example above with the high value of T0 = 69°C was apparently 
normalized but not subsequently tempered. The Z7 plate was one of seven heats of modified 
A302B plate that were donated to the McCabe investigation by General Electric Company of 
San Jose, California. All were archival materials that were being saved for possible future tests, 
as needed, for fracture toughness verification purposes. It is highly likely that these plates were 
all normalized and then tempered and stress relieved, though the details of the process used 
are unknown. 

The wide range in T0 shown by A302B steel is reminiscent of results reported earlier by 
Pellini and Puzak (39) which are reproduced here in Figure 6.1.8.4-6. Wide differences in NDT 
toughness are related to additional alloy content of the A302B steel and to the cooling rate of 
the plates and the resulting grain size present. It is not clear at present how to compare the 
NDT toughness to the E1921 reference temperature. The wide range of NDT shown is clearly 
due to various heat treatments that were applied to the A302B steel. The normal process is to 
use more rapidly quenched procedures with subsequent tempering and stress relief processes. 
The key observation to make from this plot is that A302 has a higher transition temperature 
than A212 steel. This is consistent with results presented later in this report. 
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Figure 6.1.8.4-6 is a schematic showing the wide measured range of NDT toughness. 

 
Figure 6.1.8.4-6: NDT Toughness Reported by Pellini and Puzak (39) 
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 Charpy transition data for A302B modified steel has been developed by the commercial 
nuclear power industry and is available in the literature. Much of this data comes from the 
surveillance program that has measured the shift in the ductile-brittle transition temperature as 
a function of neutron fluence which is an important concern for the continued operation of 
nuclear power plants. Of value for this program is the baseline data that reports the Charpy 30 
ft-lb transition temperature as shown in Figure 6.1.8.4-5. The largest assembly of this data is in 
the NUREG/CR6413 report of J.A. Wang (40) which gives Charpy transition results from all 
nuclear plants that have A302B steel in their pressure vessels. Also included are data from the 
McCabe report (34) on the seven A302B modified steels tested there and three data sets from 
Stofanak et al. (41). Considerable scatter is present in these results. Frequency plots are 
constructed and presented in Figure 6.1.8.4-6 and Figure 6.1.8.4-7 showing the frequency of 
the Charpy transition measurements as a function of temperature. 

 More data are available for the tougher L-T orientation since the major concern was for 
the center beltline region of the cylindrical section of the pressure vessels where the neutron 
fluence was most intense and the hoop stress was dominant. In most instances, these vessels 
were manufactured with the longitudinal plate rolling direction perpendicular to the hoop 
stress such that that the L-T crack orientation was perpendicular to the hoop stress and was 
hence of primary concern. A comparison of Figure 6.1.8.4-6 and Figure 6.1.8.4-7 shows that the 
transition temperature defined by the Charpy test was about 20°F higher in the T-L orientation 
than in the L-T orientation. The L-T orientation average transition temperature was -11°F while 
the T-L orientation average was 10°F. The broad distribution of the Charpy transition 
temperatures in Figure 6.1.8.4-6 and Figure 6.1.8.4-7 is possibly due to the rather loose nature 
of the ASTM A302 standard and to variations in the heat treatments applied to the A302B steel 
plates. 
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Figure 6.1.8.4-7 shows absorbed energy for A302B steels with the crack plane oriented in the 
L-T orientation. 

 
Figure 6.1.8.4-7: L-T Charpy V Transition Temperatures at 30 ft-lb 

 

 Charpy transition data are based on small, fixed-size three point notched bend 
specimens tested at an elevated impact speed to estimate the transition temperature 
applicable to a much larger surface cracked pressure vessel loaded statically, predominantly in 
tension. The transferability of the laboratory data to the pressure vessel application is 
somewhat of a reach. More recently, ASTM proposed a fracture mechanics based approach in 
standard E1921 which uses a statically loaded, pre-cracked specimen that is generally much 
larger than the Charpy specimen to predict a transition curve called a Master Curve and an 
associated reference temperature, T0. Size transferability is also possible using statistical 
methods with the E1921 approach providing the transition temperature for a one inch thick 
C(T) geometry which can, in theory, be related to pressure vessel flaws using constraint based 
methods. 

 Testing in the LPV Program has been conducted according to E1921, and it is desirable 
to relate the Charpy transition data to the E1921 T0 reference temperature. The commercial 
nuclear research programs have again suggested correlations between the Charpy transition 
temperatures and To. The original correlation by Wallin (42) is shown in Figure 6.1.8.4-8. This 
data set includes a large number of pressure vessel steels and also weld data, HAZ data, and 
results from irradiated surveillance specimens. The relationship found was a simple linear 
equation with an offset between T0 and T28J of -18°C in Figure 6.1.8.4-9. 
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Figure 6.1.8.4-8 contains measurements showing a linear relationship for pressure 
vessel steels. 

 
Figure 6.1.8.4-8: T0 Versus 20 ft-lb (28J) Charpy Transition from Wallin (42) 

  

The Charpy transition number that was used here was for a 20 ft-lb or 28 Joule energy 
level rather than the more universal 30 ft-lb energy level. A revised correlation using 30 ft-lb 
Charpy transition data was proposed by M. Sokolov and R.K. Nanstad of ORNL (43) as shown in 
Figure 6.1.8.4-9. A linear correlation still works though the offset increases from -18°C to -24°C 
and the standard deviation increases somewhat. 
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Figure 6.1.8.4-9: Revised T0 Versus 30 ft-lb Charpy Correlation from Sokolov and Nanstad (43) 

 

 Returning to the ASTM Manual 52 and setting To = 69°C for the normalized A302B steel, 
the correlation would result in a T41J = 93°C or 199°F, which is outside the range of Figure 
6.1.8.4-10 and shows clearly that it is proper to ignore this result. As discussed below, the data 
in Figure 6.1.8.4-11 above T0 = 0°C corresponds to irradiated steel data which can be ignored as 
well for the LPV study. 

 The main issue with this result for the purpose of the LPV study is that it includes a large 
amount of irradiated steel data without indicating which are unirradiated and which are 
irradiated. A more recent study by Iradj Sattari-Far and Kim Wallin  (44) separates the irradiated 
and unirradiated data sets as shown in Figure 6.1.8.4-11. This data is also restricted to A302B, 
A508B, and A533B steels, welds, and HAZ though it does not make clear which individual data 
points are A302B steel. The correlation's proposed equation is essentially the same as the ORNL 
relationship with an offset of -26°C. It is definitely of interest here to observe that the 
unirradiated data appears capped at a T0 of approximately -10°C (14°F) when only unirradiated 
data is considered while Charpy transition data for the irradiated case extends as high as 80°C 
or 176°F, which is the largest value of T41J for an unirradiated data set that is shown in Figure 
6.1.8.4-11. In other words, while the Charpy transition number of 80°C would predict a T0 of 
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54°C if the correlation that T0 = T41J – 26°C was used, no value of T0 was in fact observed for any 
of the three steels making up Figure 6.1.8.4-10 that exceeded -10°C. The measured value for 
T0EST = -15°C in Figure 6.1.8.4-9. It is likely that some of the highest T0 values in Figure 6.1.8.4-9 
correspond to A302B steel. 

 
Figure 6.1.8.4-10:  T0 Versus 30 ft-lb Charpy Correlation from Sattari-Far and Wallin (44) 

 

 The correlation equation of Figure 6.1.8.4-10 can easily be applied to the frequency 
plots in Figure 6.1.8.4-6 and Figure 6.1.8.4-7 to give the T0 frequency plots shown in Figure 
6.1.8.4-11 and Figure 6.1.8.4-12. These results show that the T0 for A302B obtained using the 
linear correlation equation is at maximum about 0°C with the highest results corresponding to 
the T-L crack plane orientation. 

Figure 6.1.8.4-11 shows an L-T frequency plot for T0 estimated from the 30 ft-lb/T41J 

plot shown in Figure 6.1.8.4-9. 
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Figure 6.1.8.4-11: Proposed Linear Correlation Frequency Results for A302 L-T 

 

Figure 6.1.8.4-12 contains an A302 T-L frequency plot for T0 estimated from the 30 ft-
lb/T41J Charpy transition data plot shown in Figure 6.1.8.4-9 using a proposed linear 
correlation function. 

 
Figure 6.1.8.4-12: Proposed Linear Correlation Frequency Results for A302 T-L 

0

4

8

12

-150 -100 -50 0 50

A302B Modified Plate L-T

ToEST 
oF

Fr
eq

ue
nc

y

0

2

4

6

8

-150 -100 -50 0 50

A302B Modified T-L Transformed to ToEST

ToEST 
oF

Fr
eq

ue
nc

y



Page 114 of 466 
 

 
 

In summary, the upper shelf toughness as characterized by the ASTM E1820 JIc and J at 
0.1 inch of crack extension was investigated by McCabe et al. (34) on seven prototypical A302B 
modified plates provided by the General Electric Company. The results show a relatively high 
toughness compared to other steels studied in the present LPV program, but also high 
variability for steels that were heat-treated similarly. Only three T0 values were located in this 
study and only one of these, obtained from the Z7 General Electric plate, can be assured to 
have a standard quench and temper heat treatment. One very high result from McCabe in the 
ASTM Manual 52 was normalized only, meaning quenched and not tempered, and is thus not 
comparable to the T0 values one would expect for a structural plate. The third value from 
Chaouadi et al. (37) was obtained from an annealed research reactor vessel with a high neutron 
fluence history. 

A large number of Charpy test ductile-brittle transition temperature measurements are 
available from surveillance programs used by the U.S. Nuclear Regulatory Commission to assure 
the safety of commercial power plant pressure vessels. These results have been assembled in 
this report in frequency plots. These plots show Charpy transitions defined by the 30 ft-lb (41 
Joules) toughness level extend as high as 75°F in the T-L crack plane orientation. Linear 
correlations have been proposed to relate the Charpy transitions to the more modern T0 
quantity. These correlations essentially shift the Charpy transition numbers leftward by 24-26°C 
or 43-47°F. Applying this shift results then in the estimated T0 values from the Charpy data of 
around 0°C or 30°F.  

Looking more closely at the Charpy test to T0 correlation data for unirradiated A302B, 
A508B, and A533B steels, the T0 values appear to be capped at -10°C with higher Charpy 30 ft-lb 
transition measurements observed, but apparently not corresponding to higher T0. The 
correlation data beyond a T0 of about -10°C is all from irradiated specimens and should not be 
the basis of T0 estimations. However, because irradiation degrades toughness, unless actual 
test data is obtained for a target vessel containing A302B material, this estimate can be 
considered a worst-case value. 

6.2 Non-Code Materials with Reference Literature 

6.2.1 AO Smith 1148B 

6.2.1.1 General Material Information 
1148B is a proprietary material manufactured by A.O. Smith that was subsequently and 

exclusively manufactured by Chicago Bridge and Iron (CB&I) in the 1960s (45). A.O. Smith (AOS) 
was acquired by CB&I around the same time that many of the NASA LPVs were manufactured 
(45). This is relevant because when CB&I acquired AO Smith in 1963, they continued making the 
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1148 material, but modified the original specification by increasing the required mechanical 
properties and changing the number designation. 

6.2.1.2 Material Specification Properties  
 

Table 6.2.1.2-1: Material Specification Equivalents (46) 

 
 

Physical properties for plate thicknesses ranging from 0.180 inches through 0.580 inches 
outlined per CB&I’s Standard 626-48-2 are shown in Table 6.2.1.2-2 and Table 6.2.1.2-3. 

Table 6.2.1.2-2: Manufacturer Specification Mechanical Properties (46) 

 
 

Table 6.2.1.2-3: Manufacturer Specification Chemical Composition (46) 

 
 
 

According to documented correspondence between the NASA LPV Team and AO Smith, 
1148B is a modified ASTM 225 Grade B steel (47). According to the ASTM standard for A225, 
the material properties and chemical composition of the original material that the 1148 is 
derived from are listed in Table 6.2.1.2-4 and Table 6.2.1.2-5 (47): 

 
Table 6.2.1.2-4: ASTM A225 (Parent) Mechanical Properties (47) 

 
 

Table 6.2.1.2-5: ASTM A225 (Parent) Chemical Composition (47) 

 
 

6.2.1.3 Mill Test Report (MTR) Properties 
Available data package reports for some current fleet vessels provide the melt slab-

specific mechanical properties and chemical compositions listed in Table 6.2.1.3-1 and Table 
6.2.1.3-2.  

A.O. Smith Spec.  CBI Standard No. ASTM
1148B 626-48-2 (High Strength Low-Alloy Steel Plates 1148) ASTM-A225 Gr. B (Modified)

Thickness Range [in.] Yield [ksi] Tensile [ksi] Elongation % [2 in.]
0.180 thru 0.375 62 82-107 20.0% min. 
0.375 thru 0.580 60 80-105 20.0% min.

C [max] Mn [max] P [max] S [max] Si V
0.21 1.5 0.04 0.05 0.15-0.30 0.10-0.15

Material Yield [ksi] Tensile [ksi] Elongation % [2 in.]
ASTM A225 (Grade B) 43 75-90 20.0% min. 

C [max] Mn [max] P [max] S [max] Si* V*
0.2 1.45 0.035 0.04 0.13-0.32 0.09-0.14

*Check analysis composition
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Table 6.2.1.3-1: MTR Mechanical Properties (48) 

 
 

 

Table 6.2.1.3-2: MTR Chemical Compositions (48) 

 
 

6.2.1.4 Fracture Data  
No fracture data was found for 1148B. 

6.2.2 AO Smith 1135 

6.2.2.1 General Material Properties 
VMS-W135G (also known as 1135G) is a proprietary steel used by A.O. Smith. Official 

correspondence with A.O. Smith Corporation personnel equates 1135 with ASTM A212B 
modified steel. The ASTM specification A-212B Modified was replaced with what is now A-516-
70. The governing material standard specification is ASTM A516/A516M–90 Standard 
Specification for Pressure Vessel Plates, Carbon Steel, High Strength, for Moderate and Lower 
Temperature Service. 

6.2.2.2 Material Specification Properties  
The manufacturer’s material specification and mechanical and chemical requirements 

are included in Table 6.2.2.2-1 and Table 6.2.2.2-2. These are obtained from AOS VMS-W135G 
Special Grade A Specification Properties. 

6.2.2.2.1 Manufacturer Specification Properties 
 

Table 6.2.2.2-1: AOS 1135 Specification Mechanical Properties (46) 

 
 
 

Melt Slab / Serial No. Type Yield [ksi] Tensile [ksi] Elongation
198847 Inner Shell 70.65 92.56 35%
198847 Shell Layers 75 93.55 20%

Melt Slab C Mn P S Si V
198847 0.17 1.34 0.018 0.026 0.27 0.12



Page 117 of 466 
 

Table 6.2.2.2-2: AOS Specification Chemical Composition (46) 

 
 

6.2.2.3 Mill Test Report (MTR) Properties 
 

Product analysis from instances of AOS1135 within LPV fleet vessels provide records 
from mill test reports. The data from these records is not a comprehensive list of all heat or slab 
numbers. 

Table 6.2.2.3-1: V- AOS 1135 Mechanical Properties 

 
 

 

Table 6.2.2.3-2: V- AOS 1135 Chemical Composition 

 
 

6.2.2.4 Fracture Results  
There are no internal test results for 1135. 

6.3 Non-Code Materials with No Reference 

6.3.1 SWC 100302 

6.3.1.1 General Material Properties 
Struthers Wells Corporation (SWC)’s 100302 is a proprietary steel. It is primarily used for 

shells in SWC’s multilayered vessel designs. Because it is a proprietary steel that has been 
created from the modification of an existing ASTM steel, it has no governing ASTM 
specification. Therefore, the governing material specification is the manufacturer’s internal 
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specification for the material: Struthers Wells 100302 Rev. 11/8/1963 Mod. For Chemistry 
Physicals and Charpy Firebox (Fbx). (49) Though the LPV Team currently does not have access to 
this specific document, references to the specifications and data are provided in data packages 
where the steel is used. 

As mentioned above, SWC100302 is a proprietary steel that has been modified from a 
standard steel. Though no official record of verification can be found to confirm what the 
parent material is, it can be observed that ASME SA-533, otherwise known as the Specification 
for Pressure Vessel Plates, Alloy Steel, Quenched and Tempered, Manganese-Molybdenum and 
Manganese-Molybdenum-Nickel, maintains similar chemical composition and mechanical 
property requirements to SWC100302. Additionally, SA-533 is attached to the manufacturer’s 
data package index and is not used on any parts in the drawings. A summary of SA-533 chemical 
composition limits and mechanical properties can be seen in Section 6.3.1.2.2. 

Additionally, most instances of SWC100302 occur in LPV that were manufactured in the 
mid-1960s, which was around the time that the pressure vessel industry had begun to use SA-
533 as the replacement for the previous industry standard that was A302B (33). The new SA-
533B was created by modifying A302B. 

Though other potential parent materials such as a modified T-1 (otherwise known as SA-
517 Gr. F) may satisfy mechanical and/or chemical requirements similar to those for 
SWC100302, they have not been included in this summary. This is because they are not 
mentioned in the manufacturer’s data packages where SWC100302 is used. Additionally, SWC 
won a contract appeal decision (50) with the United States Armed Services Board in 1963 that 
revolved around the difficulties they experienced when they tried to use T-1 steel instead of 
A302B steel, making it more likely that they modified A302 or its replacement SA-533. Further 
anecdotal evidence supporting the characterization of SWC100302 as a modified A302B steel 
can be found in the form of documented correspondence between SWC and NASA. 

6.3.1.2 Material Specification Properties  

6.3.1.2.1 SWC 100302 Mechanical Properties 
According to the notes on the drawing for V-106, the mechanical properties shown in 

Table 6.3.1.2.1-1 are referenced for SWC100302 minimum requirements. 
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Table 6.3.1.2.1-1: SWC100302 Mechanical Properties (49) 

 
 

6.3.1.2.2 ASTM SPECIFICATION PROPERTIES 
Chemical and mechanical requirements of possible parent material are outlined in ASTM 

A533 (1993), shown in Table 6.3.1.2.2-1 and Table 6.3.1.2.2-2. 

Table 6.3.1.2.2-1: ASTM A533 Chemical Composition (36) 

 
 
 

Table 6.3.1.2.2-2: ASTM A533 Mechanical Properties (36) 

 
 

6.3.1.3 Mill Test Report (MTR) Properties 
Product analysis from instances of SWC100302 within LPV fleet vessels provide records 

from mill test reports, shown in Table 6.3.1.3-1 and Table 6.3.1.3-2. The data from these 
records is not a comprehensive list of all heat or slab numbers. 

Table 6.3.1.3-1: MTR SWC100302 Mechanical Properties 
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Table 6.3.1.3-2: MTR SWC100302 Mechanical Properties 

 
 

6.3.1.4 Fracture Results  
There are no fracture results available at this time. 

6.3.2 SWC 90336 

6.3.2.1 General Material Properties 
SWC90336 is primarily used for nozzles in SWC’s multilayered vessel designs. Like the 

SWC100302 specification for plate material, this is a proprietary steel that was created by 
modifying an existing ASTM steel, and it has no equivalent ASTM reference. Therefore, the 
governing material specification is the manufacturer’s internal specification for the steel. 
Though the LPV team currently does not have access to this specific document, reference to the 
specifications data is provided in some of the data packages for LPVs using the steel and 
mechanical and chemical characteristics are shown in Table 6.3.2.2-1 and Table 6.3.2.2-2. 

6.3.2.2 Material Specification Properties  
The governing specification for SWC90336 outlines the chemical and mechanical 

requirements below: 

Table 6.3.2.2-1: 90336 Mechanical Properties Requirements (49) 

 
 

 

Table 6.3.2.2-2: 90336 Chemical Composition Requirements (49) 

 
 

6.3.2.3 Mill Test Report (MTR) Properties 
Product analysis from instances of SWC90336 within LPV fleet vessels provide records 

from mill test reports. The data from these records is not a comprehensive list of all heat or slab 
numbers, but available information is provided in Table 6.3.2.3-1 and Table 6.3.2.3-2. 



Page 121 of 466 
 

Table 6.3.2.3-1: 90336 MTR Mechanical Properties (49) 

 
 

 

Table 6.3.2.3-2: 90336 MTR Chemical Composition (49) 

 
 

6.3.2.4 Fracture Results  
There are no fracture results available for SWC90336 at this time.  
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7 MATERIAL TEST DATA 
Introduction 

 This section of the materials report contains data collected from various tests conducted 
on the materials found in LPVs. Many different types of tests were conducted with a focus on 
accurately describing the material properties of steels found in common LPVs at NASA facilities. 
Not all types of tests were conducted for each material, particularly when it was determined 
that the material was of consistent mechanical properties, or that the properties discovered 
were of low risk. Many tests were conducted on multiple steels obtained from several vessels 
to obtain data on the variability of the properties. Material types and the tests conducted are 
described in sections 7.1 and 7.2. 

7.1 Description of Test Types and Analysis Methods 
Smooth Tensile: Smooth tensile tests are documented under ASTM E8 (51) “Standard 

Test Methods for Tension Testing of Metallic Materials” and were performed on most materials 
typically found in LPVs. This test is the basic method for determining yield strength, ultimate 
strength, and elongation of materials. 

Notch Tensile: Notch tensile tests are documented under ASTM G142 (52) and were 
performed only on materials where hydrogen embrittlement was a concern. This test gives 
strength information as related to the effect of a vessel operating in a hydrogen environment. 

Fracture Toughness: Fracture toughness tests are documented under ASTM E1820 (10) 
and were performed on most materials. This test gives information on the resistance of the 
material to the ductile extension of cracks. This information is used as a basis for identifying 
critically sized flaws in vessels, which may vary depending on location. 

Transition Temperature (T0): T0 tests are documented under ASTM E1921 (7)  and were 
performed on most materials. This test locates the ductile-brittle transition temperature of 
ferritic steels, which is the primary component of layered pressure vessels. The T0 is the 
temperature below which the material’s fracture toughness drops to a level where 
uncontrolled crack growth can occur. 

Fatigue Crack Growth (da/dN): Fatigue crack growth tests are documented under ASTM 
E647 (11) and were performed on some of the most common materials and welds. This test 
creates a curve of crack growth per load cycle at various K values and load ratios. These curves 
are then uploaded into NASGRO and used to help calculate critical initial crack size and 
remaining life. 

Chemistry: Chemical analysis was performed on all tested materials. These tests were 
conducted using an optical emissive spectrometer which characterizes the percentage of 
elements present in the material. The use of a portable testing apparatus allows the chemistry 
of vessels in the fleet to be compared with the steels tested in the lab. 
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Metallography: Metallographic tests were performed on several common layered 
pressure vessel materials. These tests are used to evaluate the microstructure, grain size, grain 
structure, weld passes, heat affected zone, and other material characteristics using a 
microscopic examination of samples cut from the steel components, polished, and chemically 
etched using standard procedures. These tests are particularly useful in determining a materials 
principal rolling orientation, welding process details, and differences in heat treatment, 
processing, or manufacturing. 

Hardness: Hardness measurements were taken for all materials. Hardness values were 
obtained using a standard hardness tester for small pieces and a portable unit for large in-situ 
pieces. Hardness in steels correlates well with ultimate strength and can be used as a non-
destructive evaluation (comparison) method. 

Fractography: Fractography is the process of examining the fracture surface of existing 
cracks or cracks obtained in the laboratory, and inspecting them for indications of different 
types of growth and clues as to how the crack formed. This process was used specifically on 
weld material taken from LPVs to determine how and when the cracks were formed. It is also 
used extensively during laboratory fracture toughness testing to determine the crack size 
present when failure occurred under known test conditions. 

Test Matrices:  The test matrices shown in Table 7.1-1 through Table 7.1-8 were used to 
track LPV materials of interest and the tests performed on them. With a limited number of 
disposable LPVs available to test, materials that cover a larger portion of the fleet were 
prioritized with multiple lots. 
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Table 7.1-1: V0023 Test Matrix 
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Parent Material
Head (stress relieved) A225

Nozzle A105
Inner layer (stress relieved) 1146

Wrapper shell 1146
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

Material Location

V0023
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Table 7.1-2: V0032 Test Matrix 
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Parent Material
Head (stress relieved) A225

Nozzle A105
Inner layer (stress relieved) 1146

Wrapper shell 1146
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

Material Location

V32
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Table 7.1-3: MV50466-8 Test Matrix 
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Parent Material
Head (stress relieved) A225

Nozzle 5002
Inner layer (stress relieved) 1146

Wrapper shell 1146
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

Material Location

MV 50466-8
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Table 7.1-4: V0125 Test Matrix 
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Parent Material
Head (stress relieved) A225

Nozzle 5002
Inner layer (stress relieved) 1143

Wrapper shell 1146
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

Material Location

V125
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Table 7.1-5: PV0296 Test Matrix 
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Parent Material
Head (stress relieved) A225

Nozzle 5002
Inner layer (stress relieved)

Wrapper shell 
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

Material Location

PV296
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Table 7.1-6: V0348 Test Matrix 

 
 

M
at

er
ia

l

RT
 F

ra
ct

ur
e

To
 F

ra
ct

ur
e

da
/d

N

Te
ns

ile
s

N
ot

ch
 T

en
sil

es

HC
F

M
et

al
og

ra
ph

y

Ch
em

ist
ry

Ha
rd

ne
ss

Ch
ar

py

Parent Material
Head (stress relieved) A212

Nozzle A105
Inner layer (stress relieved) A225

Wrapper shell A225
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

Material Location

V348
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Table 7.1-7: V0071 Test Matrix 
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Parent Material
Head (stress relieved) A302

Nozzle 
Inner layer (stress relieved)

Wrapper shell 
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

V071

Material Location
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Table 7.1-8: V066 Test Matrix 

 
 

7.2 Parent Head Materials 
 Parent head materials are materials commonly used on LPVs to form the monolithic 
heads attached to the layered shell courses. These heads range from 1.5 inches to over 8 inches 
in thickness. The most common thicknesses are 3 to 4 inches. Typically, the heads are formed 
by roll forming a flat plate into a semi-elliptical dome of the same diameter as the vessel. In 
some cases, the heads are thinner than the shell course with weld material bridging the 
difference. The head materials investigated are A225, A212, and A302. 

Investigations of head materials from seven vessels are reported on in this document. 
Five of those vessels are A225 steel which represents the largest single material 
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Parent Material
Head (stress relieved) T-1

Nozzle 
Inner layer (stress relieved) T-1

Wrapper shell T-1
Weld Material, Center

Head-to-shell circumferential weld (green)
Shell-to-shell circumferential weld (green)

Longitudinal welds (green)
Inner layer welds (stress relieved)

Nozzle-to-head weld (stress relieved)
Nozzle-to-shell weld (green)

Weld Material, HAZ
Head-to-shell circumferential weld, shell side (green)
Head-to-shell circumferential weld, head side (green)

Shell-to-shell circumferential weld (green)
Longitudinal welds (green)

Inner layer welds (stress relieved)
Nozzle-to-head weld, nozzle side (stress relieved)
Nozzle-to-head weld, head side (stress relieved)

Nozzle-to-shell weld, shell side (green)
Nozzle-to-shell weld, nozzle side (green)

Tested

V066

Material Location
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characterization, as well as the majority of the fleet. These lots of A225 vary in their material 
properties, but have little disparity in their chemical compositions. This indicates that post-
processing and forming methods likely have a significant impact on the final mechanical 
properties of the material. An attempt has been made to characterize the transition 
temperature of all of the lots combined utilizing the E1921 (7)  inhomogeneity annex. Using a 
multimodal analysis applied to all of the test data, a Master Curve using Tm has been created. 
However, this curve is extremely conservative based on the large amount of data scatter. In 
general cases it would be most efficient to conduct tests on materials known to be similar, 
creating a Master Curve from that data that would be specific to the application. 

7.2.1 A225 
ASTM A225 (47) is primarily used as the head material of LPVs. The results reported 

include vessels manufactured by AOS and one by CB&I. All heads are nominally A225B FBX, also 
referred to herein as A225. 

7.2.1.1 Chemical Composition 
Table 7.2.1.1-1 shows the standard ASTM chemical specification for A225 material. 

Some values may vary depending on the time during the process that they are checked. Ladle 
analysis refers to a chemical test on the molten steel, while check analysis is a final product 
check.  

Table 7.2.1.1-1: Standard Chemical Composition for A225 

 
 
 

Table 7.2.1.1-2 shows data collected from mill certifications of vessels at MSFC. Table 
7.2.1.1-3 arc-spark data collected from tested vessel materials. 

Ladle Analysis Check Analysis Ladle Analysis Check Analysis
Grade B 0.2 0.145 0.035 0.04 0.15-0.30 0.13-0.32 0.09-0.14 0.07-0.16

V
C Mn P S

Si
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Table 7.2.1.1-2: Manufacturer Mill Certification Chemistry 

 
 

Table 7.2.1.1-3: A225 Collected Chemistry Data 

 
 

7.2.1.2 Metallography 
Studies: 

Grain Orientation study - yes 

Melt/Heat Cert Origin C Mn P S Si V
590437 US Steel 0.16 1.25 0.012 0.028 0.22 0.1
699746 US Steel 0.17 1.35 0.008 0.024 0.22 0.11
919705 US Steel 0.15 1.32 0.008 0.021 0.21 0.01
589611 US Steel 0.17 1.32 0.01 0.021 0.24 0.11
699804 US Steel 0.18 1.4 0.009 0.025 0.24 0.11
630099 US Steel 0.16 1.4 0.009 0.026 0.24 0.11
589503 US Steel 0.16 1.36 0.008 0.021 0.26 0.11
630102 US Steel 0.17 1.44 0.03 0.026 0.25 0.11
700200 US Steel 0.15 1.26 0.008 0.023 0.23 0.11
639905 US Steel 0.15 1.35 0.01 0.028 0.25 0.12
710211 US Steel 0.17 1.4 0.012 0.024 0.21 0.11
589577 US Steel 0.16 1.33 0.009 0.027 0.22 0.12
910261 US Steel 0.17 1.32 0.01 0.029 0.26 0.12
599662 US Steel 0.16 1.35 0.01 0.028 0.25 0.11
10639 US Steel 0.17 1.38 0.013 0.03 0.24 0.11
11546 US Steel 0.19 1.32 0.018 0.025 0.26 0.13
20503 US Steel 0.17 1.43 0.014 0.02 0.19 0.12

679370 US Steel 0.18 1.3 0.01 0.024 0.24 0.11
679519 US Steel 0.19 1.32 0.014 0.023 0.21 0.11
709390 US Steel 0.19 1.35 0.009 0.019 0.26 0.12
719581 US Steel 0.16 1.2 0.02 0.028 0.22 0.11
622618 US Steel 0.17 1.27 0.01 0.016 0.21 0.1
672031 US Steel 0.18 1.32 0.027 0.022 0.21 0.1
622618 US Steel 0.17 1.27 0.01 0.016 0.21 0.1

Chemistry (%)

Vessel Location C Si Mn P S Cr Mo Ni V
MV50466-8 Head 1 0.19 0.21 1.46 0.032 0.063 0.19 0.028 0.21 0.11
MV50466-8 Head 2 0.16 0.2 1.46 0.03 0.023 0.19 0.02 0.21 0.1

PV0296 Head 0.1505 0.2345 1.311 0.0123 0.0133 0.0191 0.00685 0.0076 0.103
V0023 Head 0.21 0.2 1.43 0.025 0.023 0.25 0.056 0.35 0.098

V32 Intact Head 0.17 0.25 1.36 0.027 0.046 0.21 0.059 0.024 0.094
V125 Head 0.17 0.19 1.25 0.013 0.023 0.17 0.05 0.011 0.11

GRC Head 10 Head 0.162 0.257 1.3 0.021 0.018 0.046 0.003 0.016 0.105
GRC Head 9 Head 0.184 0.252 1.3 0.02 0.015 0.046 0.003 0.015 0.103

V32 Dissected Head 0.26 0.23 1.38 0.032 0.048 0.21 0.062 0.027 0.091
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Grain size study – no 

Grain size through thickness study - no 

Carburization layer thickness - no 

Macro cubes if showing multiple surfaces- Metallographic studies on this material included a 
grain orientation study and macro cubes.  No grain size, grain size through thickness, or 
carburization layer thickness studies were performed. 

Preliminary testing previously performed by SwRI on Ames Vessel MV-50466-8 
confirmed that the fracture toughness for the LPV materials was orientation dependent. 
Although tensile strength was not strongly dependent on orientation, fracture testing showed 
considerable anisotropy. Of particular interest in the LPV materials characterization effort 
performed at MSFC was the head material, ASTM designation A225B, which was thought to 
likely have the highest ductile-brittle transition temperature out of all of the LPV materials. In 
order to machine and test fracture toughness test samples in an appropriate orientation to 
produce bounding material properties, the vessel orientation for each LPV component tested 
needed to be reconciled with the corresponding material orientation from the original plate 
from which the vessel was manufactured. The identification of the original longitudinal (L) 
versus transverse (T) material orientations for the starter plate for the shell material was 
straightforward since there are only two logical scenarios for how the vessel shell was 
manufactured from a flat starting plate: Either the vessel circumferential direction corresponds 
to the initial longitudinal direction of the plate, or the vessel longitudinal direction corresponds 
to the initial longitudinal direction of the plate. For shells, this means that fracture toughness 
samples can be tested in only two orientations to determine the bounding orientation. In the 
case of the head, the fully symmetric circular geometry makes determining the L and T 
directions of the original plate difficult because the L and T directions, while orthogonal to each 
other, are randomly oriented with respect to the pressure vessel head. 

Consistent with the approach used by SwRI, the potential of identifying the plate 
orientation in the heads by conducting a macroscopic query of the surfaces was attempted. 
Metallographic specimens were extracted from the heads of sacrificial vessels V0032 and GRC 
0296 at three angular locations, 0o, 45o, and 90o around the heads. The coordinate axes were 
arbitrarily chosen since there was no way to anchor the heads to the original orientation of 
their plates. 

The specimen dimensions were selected such that each face would be identifiable to 
prevent any confusion with the face being queried. The directions were meridional (M), 
circumferential (C), and radial (R). The surfaces of the specimen were mounted, polished, and 
imaged at 50X and 100X magnification with a light Nital etch to reveal the grain structure. The 
evaluation was conducted by Element Material Technology. 
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For the specimens evaluated, there were no conclusive results to identify the plate 
orientation with respect to the head. The images of the faces were difficult to interpret to 
definitively establish the weakest orientation. 

 Microstructural analysis was performed to determine the material orientation in the 
head relative to the original plate for: 
 A225 head from SwRI MV50466-8 
 A225 head from MSFC Vessel V0032 
 A225 head from GRC PV0296  

 Samples were extracted from circumferential locations around each head 
 Radial, Circumferential, and Meridional faces were evaluated at each 

location. 
 Microstructural analysis was performed at 50X and 100X with a light Nital 

etch.  
 A225 head from MSFC V0023 

 
Figure 7.2.1.2-1: V0032 Head Cut Plan Metallography Specimens 
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Table 7.2.1.2-1: A225 Microstructure Specimen List, Vessels V0032 and PV0296 
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Figure 7.2.1.2-2: Macro Specimen Drawing 

 

 
Figure 7.2.1.2-3: V0032 Macro Specimen 
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Figure 7.2.1.2-4: Micrographs of V0032 CP-380 90 Degree Location, 50X 

 

 
Figure 7.2.1.2-5: Micrographs of V0032 CP-380 at 45 Degree Location, 50X 
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Figure 7.2.1.2-6: Micrographs of V0032 CP-380 at 0 Degree Location, 50X 
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Figure 7.2.1.2-7: Micrographs of V0032 CP-380 at 90 Degree Location, 100X 

 

 
Figure 7.2.1.2-8: Micrographs of V0032 CP-380 at 45 Degree Location, 100X  
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Figure 7.2.1.2-9: Micrographs of V0032 CP-380 at 0 Degree Location, 100X  

 

 
Figure 7.2.1.2-10: PV0296 Cut Plan for Macro Specimens 
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Figure 7.2.1.2-11: Micrographs of PV0296 CP-280 at 90 Degree Location, 50X 

 

 
Figure 7.2.1.2-12: Micrographs of PV0296 CP-279 at 45 Degree Location, 50X 
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Figure 7.2.1.2-13: Micrographs of PV0296 CP-275 at 0 Degree Location, 50X 

 

 
Figure 7.2.1.2-14: Micrographs of PV0296 CP-280 at 90 Degree Location, 100X 
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Figure 7.2.1.2-15: Micrographs of PV0296 CP-279 at 45 Degree Location, 100X 

 

 
Figure 7.2.1.2-16: Micrographs of PV0296 CP-275 at 0 Degree Location, 100X 
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Figure 7.2.1.2-17: Macro Cut Plan V0023 A225 Head Material 

 

 

Table 7.2.1.2-2: Macro Analysis V0023 A225 
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Figure 7.2.1.2-18: Metallography Cube As-Polished V0023 A225 100X 

 

 
Figure 7.2.1.2-19: Metallography Cube Nital Etched V0023 A225 100X 
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7.2.1.3 Mechanical Properties 
Table 7.2.1.3-1 shows minimum values for tensile properties required in the ASTM 

material specification for A225 Grade B steel. 

Table 7.2.1.3-1: A225 Minimum Material Specifications 

 
 

Table 7.2.1.3-2 provides the results obtained from mill certifications from all the vessels 
available at MSFC. 

Table 7.2.1.3-2: LPV Mill Certification Material Properties A225 

 
 

 

Yield Stess (ksi) Tensile Stress (ksi) Fracture Elongation in 8 in. (%) Fracture Elongation in 2 in. (%)
Grade B 43 75-90 16 20

Melt/Heat Yield Stress (ksi) Tensile Stress (ksi) Elongation in 2in. (%)

590437 45 75 34
699746 65 89 26
919705 49 74 34
589611 57 79 34
699804 65 87 28
630099 65 88 29
589503 60 83 31
630102 62 84 30
700200 52 75 35
639905 51 75 32
710211 58 82 32
589577 64 81 27
910261 52 79 34
599662 54 86 29
10639 62 90 20
11546 56 81 34
20503 57 77 31

7-8311A 54 82 30
679370 52 75 35
679519 44 75 31
709390 53 78 33
719581 54 77 35
622618 54 77 34
672031 60 88 29
622618 53 77 33
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7.2.1.3.1 Smooth Tensile Tests 
 

MSFC conducted smooth tensile tests on round specimens in accordance with ASTM E8, 
(51) using specimen design S-58. The mechanical test frame consisted of a servo-hydraulic 
actuator and reaction frame. The frame used a linear variable differential transformer (LVDT) 
for displacement feedback. Stress measurements were derived from load measurements and 
the initial specimen measurements. Strain measurements were derived using an extensometer 
and the initial specimen measurements. 

Test were conducted for five different vessels: MV50466, PV0296, V0032, V0023, and 
V0125. The results of these tests are presented in Table 7.2.1.3.1-1 through Table 7.2.1.3.1-5. 

 

Table 7.2.1.3.1-1: A225 Smooth Tensile Data, MV50466-8 

 
 

 

Table 7.2.1.3.1-2: A225 Smooth Tensile Data, PV0296 

 
 

 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile 
Stress

Yield Stress
(ksi)

Fracture
Elongation (%)

440-28 21 C 75.3 51.8 30.2
440-29 21 C 74.4 49.6 33.6
440-30 -107 C 93.4 63.4 N/A
440-31 -107 C 94.7 64.2 N/A

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile 
Stress

Yield Stress
(ksi)

Fracture
Elongation (%)

393-2 26 C 81.6 51.4 22.2
393-8 26 C 84.6 51.1 21.2
393-12 -50 C 92.1 58.7 22.1
393-4 -50 C 86.2 50.1 23.9
393-3 -100 C 103.0 72.6 20.9
393-9 -100 C 99.2 71.6 21.8
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Table 7.2.1.3.1-3: A225 Smooth Tensile Data, V0032 

 
 

 

Table 7.2.1.3.1-4: A225 Smooth Tensile Data, V0023 

 
 

 

Table 7.2.1.3.1-5: A225 Smooth Tensile Data, V0125 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile 
Stress

Yield Stress
(ksi)

Fracture
Elongation (%)

380-106 21 C 77.8 55.4 34.7
380-107 21 C 78.9 57.1 35.8
380-108 21 C 80.7 58.2 35.5
380-100 21 M 79.2 57.2 36.1
380-101 21 M 76.9 55.4 34.8
380-102 21 M 78.5 55.5 36.4
380-103 21 M 79.8 58.1 34.9
380-104 21 M 78.2 56.1 36.8
380-97 21 M 79.8 57.0 36.3
380-98 21 M 78.2 56.1 35.5
380-99 21 M 77.9 55.6 34.5

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile 
Stress

Yield Stress
(ksi)

Fracture
Elongation (%)

519-245 21 C 92.4 61.9 25.3
519-246 21 C 90.8 61.5 23.3
519-247 -46 C 97.4 65.7 23.7
519-248 -46 C 99.0 66.2 25.8
519-249 -101 C 109.3 78.4 27.7
519-250 -101 C 105.4 73.6 27.9

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile 
Stress

Yield Stress
(ksi)

Fracture
Elongation (%)

CP-344-10 21 C 76.8 51.4 N/A
CP-344-11 21 C 81.2 54.4 N/A
CP-344-12 21 M 82.1 55.4 N/A
CP-344-13 21 M 83.1 55.1 N/A
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Figure 7.2.1.3.1-1: A225 Smooth Specimen Tensile Plot for Sample 519-245 

7.2.1.3.2 Notch Tensile Test 
Notch tensile tests of A225 specimens were conducted according to ASTM G142, 

“Standard Test Method for Determination of Susceptibility of Metals to Embrittlement in 
Hydrogen Containing Environments at High Pressure, High Temperature, or Both” (52). The test 
specimens were standard notch tensile design S-40-B with notch diameter = 0.25 inches and 
had a Kt value of 6.0 (5.55 – 6.48).  

A total of five specimens removed from the MV50466-8 LPV vessel head underwent two 
baseline tests and four gaseous hydrogen tests. The environment for the two baseline tests was 
5000 psi gaseous helium at an ambient temperature of approximately 31°C. The environment 
for the three hydrogen embrittlement tests was 5000 psi gaseous hydrogen at an ambient 
temperature of approximately 30°F. The test frame was equipped with a servo-hydraulic 
mechanical actuator and reaction member. Stress measurements were derived from a load cell 
and specimen pre-test dimension measurements. Displacement measurements were derived 
from an LVDT. The tests were performed in displacement control at an actuator speed of 
0.0005 in/min. 
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The average tensile stress for baseline Gaseous Helium (GHe) tests was 132.84 ksi, with 
a minimum value of 132.47 ksi. The average tensile stress for Gaseous Hydrogen (GH2) tests 
was 108.71 ksi with a minimum value of 103.13 ksi. The results are reported in Table 7.2.1.3.2-1 
and Figure 7.2.1.3.2-1. 

 
Table 7.2.1.3.2-1: A225 Notch Tensile Data, MV50466-8 

 
 
 
 

 
Figure 7.2.1.3.2-1: A225 Notch Tensile Plot, MV50466-8 

 

Specimen ID Test Temp. (°C) ASTM 
Orientation

Tensile Stress
(ksi)

Notes

440-184 31 C 132.47 5000 psi, Ambient, GHe
440-185 32 C 133.2 5000 psi, Ambient, GHe
440-186 31 C 112.46 5000 psi, Ambient, GH2
440-188 28 C 104.37 5000 psi, Ambient, GH2
440-189 28 C 103.13 5000 psi, Ambient, GH2
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7.2.1.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10). All 

other temperatures were tested per ASTM E1921 (7). Testing for both standards use specimen 
design S-318 Rev A. All A225 fracture tests came from LPVs V0023, MV50466-8, V0032, PV0296, 
and V0125 and were tested with the crack plane in the C-M orientation as defined by ASTM 
(both grain and vessel orientations). The specimens used were ASTM E1820 (C(T)) specimens 
with W = 2.0 in., B = 1.0 in., and a/W = 0.5. All specimens were side grooved to a total thickness 
reduction of 20%. The cutting diagram used to remove the C(T) specimens from the 32 head is 
shown in Figure 7.2.1.3.3-3. Examples of load versus Crack Opening Displacement (COD) and Jq 
versus Δa plots are shown in Figure 7.2.1.3.3-1 and Figure 7.2.1.3.3-2. One vessel, PV0296, was 
tested by US Naval Academy personnel whereas the rest were tested at MSFC. 

The parent A225 head material was tested by selecting representative material within 
the head away from flame cuts or welds that may have been detrimentally affected by further 
processing in HAZ. Unlike layer materials, no orientation down-selection was performed for 
heads based on past metallographic and Charpy impact testing results of other vessels. 
Specimens were extracted around the full head circumference where possible, from remnant 
material, as well as at multiple radial locations. 

 
Figure 7.2.1.3.3-1: A225 Load Versus COD Plot, Sample 440-16 

 



Page 153 of 466 
 

 
Figure 7.2.1.3.3-2: A225 Jq Versus Δa Plot, Sample 440-16 

 

 
Figure 7.2.1.3.3-3: V0032 Specimen Layout 
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The test data in Table 7.2.1.3.3-1 are raw values obtained from fracture tests conducted 
on V0125 A225 head material. Tests that are considered upper shelf are listed under ASTM 
E1820, while transition temperature tests are listed under E1921. Tests that meet the complete 
validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, 
Jq and KJq convey valuable fracture toughness information, especially when the test results are 
applied directly to the sample material source. 

Table 7.2.1.3.3-1: V0125 A225 Head Fracture Data 

 
 

E1921 transition temperature tests were not conducted on the A225 material from 
V0125. The low temperature tests conducted were not at temperatures low enough to induce 
cleavage failure. Therefore, it is relatively safe to assume that the T0 is somewhere below the 
−29°C lowest test temperature. 

The test data in Table 7.2.1.3.3-2 are raw values obtained from fracture tests conducted 
on MV50466-8 A225 head material. Tests that are considered upper shelf are listed under 
ASTM E1820, while transition temperature tests are listed under E1921. Tests that meet the 
complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite 
invalidities, Jq and KJq convey valuable fracture toughness information, especially when the test 
results are applied directly to the sample material source. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

CP-344-6 21 M-C 1.0017 0.4944 0.5734 0.3775 0.3004 184 203 --- E1820
CP-344-8 20 C-M 1.0015 0.5083 0.6060 0.3772 0.2983 213 218 --- E1820
CP-344-3 -29 R-M 1.0022 0.5272 0.6440 0.3749 0.3600 51 107 --- E1820
CP-344-1 -29 R-M 1.0055 0.5206 0.5726 0.3738 0.2983 97 147 --- E1820
CP-344-7 -29 C-M 1.0010 0.4991 0.5805 0.3750 0.2990 222 223 --- E1820
CP-344-9 -29 C-M 1.0025 0.5083 0.5938 0.3767 0.3007 224 224 --- E1820
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Table 7.2.1.3.3-2: MV50466-8 A225 Head Fracture Data 

 
 

Results from the 23 E1921 tests are presented in Figure 7.2.1.3.3-4, Table 7.2.1.3.3-3 
and Table 7.2.1.3.3-4. These results were obtained using the T0TEM Code described in Section 
4.2. The T0 reference temperature for this data set was evaluated as -43°C using the E1921 
Master Curve shown in Figure 7.2.1.3.3-4. The data set is considered to be macroscopically 
homogenous. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

440-13 23 C-M 1.9926 1.0257 1.0841 1.0025 0.8041 303 260 --- E1820
440-49 22 C-M 1.9959 1.0125 1.0307 1.0028 0.8008 186 204 --- E1820
440-16 21 C-M 2.0010 1.0240 1.0905 1.0061 0.8021 158 188 --- E1820
440-50 -45 C-M 1.9933 1.0179 1.0249 1.0020 0.8037 38 92 92 E1921
440-51 -45 C-M 1.9922 1.0140 1.0154 1.0067 0.8030 36 89 89 E1921
440-52 -45 C-M 1.9933 1.0190 1.0344 1.0021 0.8090 43 98 98 E1921
440-53 -45 C-M 1.9935 1.0164 1.0177 0.9969 0.8010 21 68 68 E1921
440-18 -73 C-M 1.9920 1.0168 1.0183 1.0035 0.8027 18 63 63 E1921
440-19 -73 C-M 1.9912 1.0152 1.0232 1.0034 0.8001 26 76 76 E1921
440-20 -73 C-M 1.9921 1.0126 1.0216 1.0032 0.8043 29 80 81 E1921
440-21 -73 C-M 1.9989 1.0168 1.0302 1.0038 0.8021 21 69 69 E1921
440-26 -84 C-M 1.9973 1.0159 1.0183 1.0023 0.8020 28 78 79 E1921
440-17 -84 C-M 1.9928 1.0126 1.0175 1.0007 0.7995 23 72 72 E1921
440-22 -84 C-M 1.9933 1.0188 1.0220 1.0013 0.8020 17 61 61 E1921
440-23 -84 C-M 1.9915 1.0180 1.0205 1.0023 0.7986 17 61 61 E1921
440-24 -84 C-M 1.9927 1.0118 1.0159 1.0019 0.7999 22 70 70 E1921
440-25 -84 C-M 1.9910 1.0027 1.0054 1.0023 0.8050 30 82 82 E1921
440-27 -84 C-M 1.9937 1.0096 1.0134 1.0028 0.7987 31 84 84 E1921
440-43 -84 C-M 1.9918 1.0191 1.0191 1.0003 0.7930 13 55 55 E1921
440-44 -84 C-M 1.9934 1.0123 1.0161 1.0021 0.8006 12 52 52 E1921
440-45 -84 C-M 2.0026 1.0167 1.0167 1.0023 0.7990 11 50 50 E1921
440-46 -84 C-M 1.9943 1.0153 1.0195 1.0024 0.8007 13 54 54 E1921
440-47 -84 C-M 1.9912 1.0124 1.0160 1.0025 0.8039 16 60 60 E1921
440-48 -84 C-M 1.9919 1.0145 1.0185 1.0013 0.7994 14 56 56 E1921
440-15 -101 C-M 1.9917 1.0117 1.0145 1.0037 0.8040 11 49 49 E1921
440-14 -107 C-M 1.9935 1.0166 1.0182 1.0019 0.8025 10 46 46 E1921
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Figure 7.2.1.3.3-4: MV50466-8 A225 Head T0 Plot (T0T0 = -43°C) 
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Table 7.2.1.3.3-3: MV50466-8 A225 Head T0 Individual Specimen Results 

 
 
 

Table 7.2.1.3.3-4: MV50466-8 A225 Head T0 Calculation Results 

 
 

 

The test data in Table 7.2.1.3.3-5 are raw values obtained from fracture tests conducted 
on V0023 A225 head material. Test results that are considered upper shelf are listed under 
ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet 
the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

440-17 -84 72.1 72.1 1 -42
440-18 -73 63.0 63.0 1 -30
440-19 -73 75.7 75.7 1 -30
440-20 -73 80.5 80.5 1 -30
440-21 -73 69.1 69.1 1 -30
440-22 -84 60.9 60.9 1 -42
440-23 -84 60.9 60.9 1 -42
440-24 -84 70.3 70.3 1 -42
440-25 -84 82.0 82.1 1 -42
440-26 -84 78.5 78.5 1 -41
440-27 -84 83.6 83.6 1 -42
440-43 -84 54.5 54.5 1 -42
440-44 -84 51.8 51.8 1 -42
440-45 -84 50.3 50.3 1 -42
440-46 -84 54.1 54.1 1 -42
440-47 -84 59.7 59.8 1 -42
440-48 -84 55.9 55.9 1 -42
440-50 -45 91.6 91.6 1 -2
440-51 -45 89.2 89.3 1 -2
440-52 -45 97.8 97.8 1 -2
440-53 -45 68.2 68.1 1 -2

Initial T0 (°C) -43
Total Samples 21
Samples within T0 ± 50°C (N) 21
Number of Uncensored Data (r) 21
Poisson's Ratio 0.3
Σ(ri ni) 2.86
Samples Between Ti - T0 50 to -14 °C 4
Samples Between Ti - T0 -15 to -35 °C 4
Samples Between Ti - T0 -36 to -50 °C 13
T0scrn (°C) -40
Homogenous or Inhomogeneous Homogenous
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Despite invalidities, Jq and KJq convey valuable fracture toughness information, especially when 
the test results are applied directly to the sample material source. No upper shelf tests were 
performed as the material exhibited cleavage failure at room temperature and at temperatures 
as high as 100°C which was the highest temperature possible for the test apparatus. 

 

Table 7.2.1.3.3-5: V0023 A225 Head Fracture Data 

 
 

 

Results from the twenty E1921 tests are presented in. These results were obtained using 
the T0TEM Code described in Section 4.2. The T0 reference temperature for this data set was 
evaluated as -2°C using the E1921 Master Curve shown in Figure 7.2.1.3.3-5. 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

519-226 100 C-M 1.9998 1.0327 1.0694 0.9983 0.7905 191 207 207 E1921
519-229 50 C-M 1.9985 1.0403 1.0622 0.9985 0.7989 158 188 188 E1921
519-231 22 C-M 1.9994 1.0430 1.0490 0.9992 0.7925 74 128 128 E1921
519-222 22 C-M 2.0047 1.0340 1.0436 1.0011 0.7964 82 136 136 E1921
519-224 22 C-M 2.0012 1.0381 1.0481 1.0011 0.7965 101 151 151 E1921
519-234 22 C-M 2.0044 1.0336 1.0390 1.0018 0.7931 38 92 92 E1921
519-236 22 C-M 2.0010 1.0346 1.0617 1.0009 0.7972 187 204 205 E1921
519-237 22 C-M 2.0008 1.0371 1.0651 0.9992 0.7874 179 200 200 E1921
519-238 22 C-M 1.9983 1.0278 1.0371 0.9990 0.7901 103 151 151 E1921
519-221 21 C-M 2.0041 1.0371 1.0371 1.0003 0.8310 72 127 127 E1921
519-225 21 C-M 2.0002 1.0307 1.0356 0.9975 0.7956 63 118 118 E1921
519-228 21 C-M 1.9983 1.0319 1.0420 0.9996 0.7940 92 144 143 E1921
519-230 21 C-M 1.9976 1.0248 1.0376 0.9997 0.7974 133 172 172 E1921
519-233 21 C-M 2.0017 1.0299 1.0380 0.9995 0.8153 58 114 114 E1921
519-235 21 C-M 2.0024 1.0346 1.0465 0.9994 0.8164 139 176 176 E1921
519-242 21 C-M 1.9981 1.0390 1.0423 0.9993 0.8044 47 103 103 E1921
519-243 21 C-M 1.9973 1.0405 1.0619 0.9990 0.7953 172 196 196 E1921
519-244 21 C-M 1.9980 1.0341 1.0373 0.9989 0.7899 58 114 114 E1921
519-241 21 C-M 2.0016 1.0395 1.0469 0.9989 0.7963 94 145 145 E1921
519-223 -46 C-M 2.0019 1.0410 1.0410 1.0000 0.8146 7 40 40 E1921
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Figure 7.2.1.3.3-5: V0023 A225 Head T0 Plot (T0 = -2°C) 
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Table 7.2.1.3.3-6: V0023 A225 Head T0 Individual Specimen Results 

 
 

 

Table 7.2.1.3.3-7 V0023 A225 Head T0 Calculation Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

519-221 21 127.2 127.3 1 23
519-222 22 135.8 135.8 1 24
519-224 22 150.6 150.6 1 24
519-225 21 118.4 118.3 1 23
519-228 21 143.5 143.5 1 23
519-230 21 172.1 172.1 1 23
519-231 22 128.3 128.3 1 24
519-233 21 114.2 114.2 1 23
519-234 22 91.8 91.9 1 24
519-235 21 176.0 176.0 1 23
519-236 22 204.5 204.5 1 24
519-237 22 200.0 200.0 1 24
519-238 22 151.4 151.4 1 24
519-241 21 145.2 145.1 1 23
519-242 21 102.7 102.7 1 23
519-243 21 196.2 196.2 1 23
519-244 21 113.8 113.8 1 23
519-232 21 105.0 105.0 1 23
519-240 21 59.7 59.7 1 23
519-239 21 80.6 80.6 1 23
519-227 21 84.4 84.3 1 23

Initial T0 (°C) -2
Total Samples 21
Samples within T0 ± 50°C (N) 21
Number of Uncensored Data (r) 21
Poisson's Ratio 0.3
Σ(ri ni) 3.5
Samples Between Ti - T0 50 to -14 °C 21
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) 5
Homogenous or Inhomogeneous Homogeneous
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The test data in Table 7.2.1.3.3-8 are raw values obtained from fracture tests conducted 
on V0032 A225 head material. Test results that are considered upper shelf are listed under 
ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet 
the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 
Despite invalidities, Jq and KJq convey valuable fracture toughness information, especially when 
the test results are applied directly to the sample material source. 

Table 7.2.1.3.3-8 V0032 A225 Head Fracture Data 

 
 

Results from the 19 E1921 tests are presented in Figure 7.2.1.3.3-6 and Table 
7.2.1.3.3-9, Table 7.2.1.3.3-10 . These results were obtained using the T0TEM Code described in 
Section 4.2. The T0 reference temperature for this data set was evaluated as -104°C using the 
E1921 Master Curve shown in Figure 7.2.1.3.3-6. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

380-76 -57 C-M 0.9983 0.5309 0.5566 0.3752 0.3003 190 206 --- E1820
380-80 -59 C-M 0.9987 0.5239 0.5620 0.3761 0.3026 213 218 --- E1820
380-95 -101 C-M 0.9994 0.5243 0.5243 0.3745 0.3060 33 86 72 E1921
380-84 -101 C-M 1.0015 0.5085 0.5089 0.3737 0.3000 24 73 62 E1921
380-73 -101 C-M 0.9964 0.5183 0.5183 0.3746 0.3009 111 158 128 E1921
380-93 -101 C-M 0.9989 0.5315 0.5318 0.3749 0.3021 22 71 60 E1921
380-74 -101 C-M 1.0033 0.5240 0.5240 0.3645 0.2993 57 113 93 E1921
380-96 -102 C-M 1.0005 0.5242 0.5242 0.3741 0.3001 44 99 82 E1921
380-94 -102 C-M 1.0005 0.5197 0.5197 0.3743 0.3034 33 85 71 E1921
380-77 -102 C-M 0.9979 0.5183 0.5186 0.3743 0.3027 25 75 63 E1921
380-75 -106 C-M 0.9985 0.5181 0.5181 0.3736 0.3024 29 81 68 E1921
380-82 -107 C-M 1.0011 0.5157 0.5163 0.3753 0.3013 10 48 42 E1921
380-85 -107 C-M 0.9988 0.5438 0.5438 0.3750 0.3017 54 110 90 E1921
380-88 -107 C-M 1.0001 0.5164 0.5172 0.3748 0.2998 169 194 156 E1921
380-89 -107 C-M 1.0003 0.5267 0.5284 0.3740 0.3004 28 79 66 E1921
380-79 -107 C-M 1.0010 0.5293 0.5302 0.3754 0.2979 37 91 76 E1921
380-86 -107 C-M 1.0008 0.5186 0.5186 0.3741 0.3002 42 97 80 E1921
380-87 -107 C-M 1.0004 0.5138 0.5138 0.3733 0.3068 11 50 43 E1921
380-91 -107 C-M 1.0020 0.5180 0.5180 0.3762 0.2988 97 148 120 E1921
380-78 -107 C-M 0.9986 0.5200 0.5201 0.3741 0.3004 115 161 130 E1921
380-81 -107 C-M 1.0008 0.5365 0.5365 0.3740 0.3002 93 144 117 E1921
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Figure 7.2.1.3.3-6: V0032 A225 Head T0 Plot (T0 = -104°C) 
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Table 7.2.1.3.3-9: V0032 A225 Head T0 Individual Specimen Results 

 
 

 

Table 7.2.1.3.3-10: V0032 A225 Head T0 Calculation Results 

 
 

 

According to the E1921 inhomogeneity annex, this material is macroscopically 
inhomogeneous with a 95% confidence in multimodal inhomogeneity. Therefore, it is 
recommended that the multimodal median transition temperature value Tm = -89°C be 
recognized as the final value. This gives a more accurate reflection of the material properties 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-73 -101 157.6 127.7 1 3
380-74 -101 113.3 92.5 1 3
380-75 -107 79.4 66.5 1 -3
380-76 -57 206.1 130.0 0 47
380-77 -102 74.8 62.9 1 2
380-78 -107 160.6 130.0 1 -3
380-79 -107 91.0 75.6 1 -3
380-80 -58 218.2 130.0 0 45
380-81 -107 144.4 117.3 1 -3
380-82 -107 47.6 41.6 1 -3
380-84 -101 73.4 61.7 1 3
380-85 -107 109.9 90.4 1 -3
380-86 -107 97.0 80.2 1 -3
380-87 -107 49.8 43.3 1 -3
380-88 -107 194.2 146.4 0 -3
380-89 -107 78.9 66.1 1 -3
380-93 -101 70.8 59.7 1 3

Initial T0 (°C) -104
Total Samples 17
Samples within T0 ± 50°C (N) 17
Number of Uncensored Data (r) 14
Poisson's Ratio 0.3
Σ(ri ni) 2.33
Samples Between Ti - T0 50 to -14 °C 14
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -76
Homogenous or Inhomogeneous Inhomogeneous
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and the associated confidence bounds include a more acceptable number of specimens as 
shown in Figure 7.2.1.3.3-7 

 

 
Figure 7.2.1.3.3-7: V0032 A225 Head Multimodal Tm Plot (Tm = -89°C) 

 

Table 7.2.1.3.3-11: V0032 A225 Head Multimodal Tm Calculation Results 

 
 

 

The test data in Table 7.2.1.3.3-12 are raw values obtained from fracture tests 
conducted on PV0296 A225 head material. Upper shelf tests are listed under ASTM E1820, 
while transition temperature tests are listed under E1921. Tests that meet the complete validity 

Tm (°C) -89
σTm (°C) 29
Multimodal Homogeneity Inhomogeneous
Multimodal Confidence 94.81
Number of samples within Tm ± 50 °C 17
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requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and 
KJq convey valuable fracture toughness information, especially when the test results are applied 
directly to the sample material source. 

Table 7.2.1.3.3-12: PV0296 A225 Head Fracture Data 

 
 

Results from the 17 E1921 tests are presented in Figure 7.2.1.3.3-8, Table 7.2.1.3.3-13, 
and Table 7.2.1.3.3-14. These results were obtained using the T0TEM Code described in Section 
4.2. The T0 reference temperature for this data set was evaluated as -75°C using the E1921 
Master Curve shown in Figure 7.2.1.3.3-8. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

393-22 0 C-M 1.0010 0.5200 0.0000 0.3720 0.2990 498 334 --- E1820
393-27 -30 C-M 0.9980 0.5200 0.0000 0.3730 0.2800 242 232 183 E1921
393-34 -30 C-M 0.9990 0.5210 0.0000 0.3730 0.3060 369 287 183 E1921
393-24 -50 C-M 0.9980 0.5110 0.0000 0.3740 0.2970 244 233 187 E1921
393-25 -50 C-M 0.9990 0.5220 0.0000 0.3730 0.3000 152 184 149 E1921
393-28 -50 C-M 0.9970 0.5200 0.0000 0.3710 0.3010 160 189 152 E1921
393-32 -50 C-M 0.9980 0.5200 0.0000 0.3730 0.3040 199 211 169 E1921
393-19 -80 C-M 1.0000 0.5190 0.0000 0.3730 0.3000 61 117 96 E1921
393-21 -80 C-M 0.9990 0.5210 0.0000 0.3730 0.2940 64 120 98 E1921
393-30 -80 C-M 0.9970 0.5140 0.0000 0.3730 0.2920 15 59 50 E1921
393-31 -80 C-M 0.9990 0.5160 0.0000 0.3730 0.3010 50 106 87 E1921
393-33 -80 C-M 0.9980 0.5180 0.0000 0.3730 0.3080 130 171 138 E1921
393-35 -80 C-M 0.9990 0.5180 0.0000 0.3730 0.3080 50 106 87 E1921
393-36 -80 C-M 0.9990 0.5180 0.0000 0.3750 0.3030 21 68 58 E1921
393-20 -101 C-M 1.0000 0.5140 0.0000 0.3730 0.3000 23 72 61 E1921
393-23 -101 C-M 0.9980 0.5170 0.0000 0.3720 0.2990 9 46 40 E1921
393-26 -101 C-M 0.9990 0.5150 0.0000 0.3720 0.2980 15 58 50 E1921
393-29 -101 C-M 0.9980 0.5160 0.0000 0.3720 0.2910 8 43 38 E1921
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Figure 7.2.1.3.3-8: PV0296 A225 Head T0 Plot (T0 = -75°C) 
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Table 7.2.1.3.3-13: PV0296 A225 Head T0 Individual Specimen Results 

 
 

 

Table 7.2.1.3.3-14: PV0296 A225 Head T0 Calculation Results 

 
 

According to the E1921 inhomogeneity annex, this material is macroscopically 
inhomogeneous with a 96% confidence in multimodal inhomogeneity. Therefore, it is 
recommended that the multimodal median transition temperature value Tm = -70°C be 
recognized as the final value. This gives a more accurate reflection of the material properties 
and the associated confidence bounds include a more acceptable number of specimens as 
shown in Figure 7.2.1.3.3-9. 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

393-19 -80 117.0 95.8 1 -5
393-20 -101 72.0 60.6 1 -26
393-21 -80 120.0 98.1 1 -5
393-23 -101 46.0 40.3 1 -26
393-26 -101 58.0 49.7 1 -26
393-29 -101 42.0 37.2 1 -26
393-30 -80 59.0 50.5 1 -5
393-31 -80 106.0 87.2 1 -5
393-33 -80 170.0 137.2 1 -5
393-35 -80 106.0 87.2 1 -5
393-36 -80 68.0 57.6 1 -5
393-24 -50 233.0 148.5 0 25
393-25 -50 184.0 146.9 0 25
393-27 -30 232.0 146.0 0 45
393-28 -50 189.0 146.7 0 25
393-34 -30 287.0 146.0 0 45
393-32 -50 211.0 147.0 0 25

Initial T0 (°C) -75
Total Samples 17
Samples within T0 ± 50°C (N) 17
Number of Uncensored Data (r) 11
Poisson's Ratio 0.3
Σ(ri ni) 1.74
Samples Between Ti - T0 50 to -14 °C 7
Samples Between Ti - T0 -15 to -35 °C 4
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -65
Homogenous or Inhomogeneous Inhomogeneous
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Figure 7.2.1.3.3-9: PV0296 A225 Head Multimodal Tm Plot (Tm = -70°C 

 

Table 7.2.1.3.3-15: PV0296 A225 Head Multimodal Tm Calculation Results 

 
 

Tm (°C) -70
σTm (°C) 31
Multimodal Homogeneity Inhomogeneous
Multimodal Confidence 96.25
Number of samples within Tm ± 50 °C 17
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Figure 7.2.1.3.3-10: A225 Fracture Toughness Plot 

 

The plot in Figure 7.2.1.3.3-10 shows the T0 Master Curves for each A225 data set 
plotted against each other. Given the wide range of transition temperatures obtained from 
each individual lot, it is difficult to characterize the A225 material as a whole based on these 
values. A multimodal analysis has been performed on the combined data sets, treating them as 
one large inhomogenous data lot. The results of this evaluation are shown in Table 7.2.1.3.3-16, 
Table 7.2.1.3.3-17, Figure 7.2.1.3.3-11, and Figure 7.2.1.3.3-12. 
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Figure 7.2.1.3.3-11: A225 Combined Set T0 Plot (T0 = -87°C) 

 

Table 7.2.1.3.3-16 A225 Combined Set T0 Calculation Results 

 
 

 

 

Initial T0 (°C) -87
Total Samples 60
Number of Samples Between +50/-50°C (N) 54
Number of Uncensored Data (r) 47
Poisson's Ratio 0.3
∑(ri ni) 7.38095
Samples Between Ti - T0 50 to -14 °C 28
Samples Between Ti - T0 -15 to -35 °C 19
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -56
Homogenous or Inhomogeneous Inhomogeneous
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Figure 7.2.1.3.3-12: A225 Combined Set Multimodal Tm Plot (Tm = -63°C) 

 

Table 7.2.1.3.3-17: A225 Combined Set Multimodal Tm Calculation Results 

 
 

The results of the inhomogeneity analysis on combined data sets from LPVs V0023, 
V0032, MV50466-8, and PV0296 give a result of Tm = -63°C with 100% confidence in the 
charaterization as multimodal. The overall confidence bounds include significantly more data 
and should be considered sufficient as a worst-case assumption of material properties. As 
discussed in the introduction, it is always best to conduct tests on the lot of material under 
investigation to achieve the most relatable data. 

Tm (°C) -63
Sigma Tm (°C) 31
Multimodal Max ln(L) 226.196
MLNH Criterion 2
MLNH from Multimodal 6.26995
Multimodal Homogeneity? Inhomogeneous
Multimodal Confidence (%) 100



Page 172 of 466 
 

7.2.1.3.4 Fatigue Crack Growth Testing 
 

Sections of V0023 were tested to determine the fatigue crack growth rates in accordance with 
ASTM E647 (11). Since V0023 head material was the worst performing material in the A225 family, using 
the da/dN (crack growth rate) values from V0023 provided a worst-case analysis when evaluating other 
vessels containing A225. Load ratios of R = 0.1 and R = 0.7 were chosen corresponding to load cycles 
associated with slight pressure variations and nearly full pressure releases of the LPVs. These tests were 
conducted on material taken from the center of the head thickness as shown in Figure 7.2.1.3.4-1. 
Figure 7.2.1.3.4-2 shows the combined fatigue crack growth curves for the A225 head material from LPV 
V0023. These curves are input into NASGRO to create material data packages used for structural analysis 
and crack growth prediction. 

 
Figure 7.2.1.3.4-1: V0023 A225 Cut Plan for da/dN Specimen 

 



Page 173 of 466 
 

 
Figure 7.2.1.3.4-2: A225 Fatigue Crack Growth Plot, V0023 

 

7.2.1.3.5 Charpy Impact  
 

Charpy impact tests were conducted by Westmoreland Mechanical Testing and Research, Inc 
(WMT&R Report No. 4-50582). The specimens were extracted from V0032, A225 head material and 
tested according to the methods established in ASTM E2298 (8) and ASTM E23 (17). 
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2018-0934 Seq 2
Material: V0023 Head
Geometry: W=1.25" B=0.25" 
Environment: RT Air

519-286, C-M, V0023 Head, 0.7, Corrected

519-288, C-M, V0023 Head, 0.7, Corrected

519-289, C-M, V0023 Head, 0.1, Corrected

519-290, C-M, V0023 Head, 0.1, Corrected

519-291, C-M, V0023 Head, 0.7, Corrected
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C-M is the worst orientation, showing impact energy levels as low as 34 ft-lbs. However, the 
Charpy test method is too fast, describing only dynamic cracking. This prompted the use of the ASTM 
E1921 approach to obtain T0. Charpy impact is not recommended as a method of determining the 
proper evaluation temperatures for this vintage steel. 

 
Figure 7.2.1.3.5-1: Section of V0032 Showing Charpy Specimen Location 
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Table 7.2.1.3.5-1: V0032 A225 Charpy Test Results 

 
 

 

Sample ID Vendor Test 
ID

Temp 
(F)

Theta 
(deg)

Meridional 
Location

Orientation Impact 
Energy (ft-lbs)

Lat Exp 
(mils)

% Shear

CP-380-17 U09577 0 0 1 C-M 73.88 39 80
CP-380-18 U09578 0 0 1 C-M 66.83 34 40
CP-380-19 U09579 0 0 1 M-C 84.60 42 40
CP-380-20 U09580 0 0 1 M-C 90.85 44 40
CP-380-21 U09581 0 45 1 C-M 39.36 20 30
CP-380-22 U09582 0 45 1 C-M 34.28 20 30
CP-380-23 U09583 0 45 1 M-C 142.86 71 90
CP-380-24 U09584 0 45 1 M-C 135.21 71 80
CP-380-25 U09585 0 90 1 C-M 43.74 23 50
CP-380-26 U09586 0 90 1 C-M 42.60 22 30
CP-380-27 U09587 0 90 1 M-C 123.06 57 80
CP-380-28 U09588 0 90 1 M-C 111.80 55 70
CP-380-45 U33589 0 60 2 C-M 36.03 19 20
CP-380-46 U33590 0 60 2 C-M 36.91 18 20
CP-380-47 U33591 0 60 2 M-C 136.89 66 80
CP-380-48 U33592 0 60 2 M-C 186.76 81 100
CP-380-49 U33593 0 75 2 C-M 47.24 24 30
CP-380-50 U33594 0 75 2 C-M 44.66 26 35
CP-380-51 U33595 0 75 2 M-C 168.58 72 100
CP-380-52 U33596 0 75 2 M-C 163.52 75 100
CP-380-65 U47089 0 45 2 C-M 43.89 27 20
CP-380-66 U47090 0 45 2 C-M 39.18 19 20
CP-380-67 U47091 0 45 2 M-C 167.64 74 80
CP-380-68 U47092 0 45 2 M-C 200.16 72 100
CP-380-69 U47093 0 90 2 C-M 44.31 23 30
CP-380-70 U47094 0 90 2 C-M 44.50 27 40
CP-380-71 U47095 0 90 2 M-C 177.24 78 100
CP-380-72 U47096 0 90 2 M-C 162.75 67 90
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Figure 7.2.1.3.5-2: Charpy Impact Energy as a Function of Circumferential Angle 
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7.2.2 A212 
ASTM A212 (53) is used as the head material for a number of LPVs. The results reported include 

those for LPVs manufactured by A.O. Smith. All LPV heads are nominally A212 Grade B FBX, and will be 
referred to as A212 herein for brevity. The V0348 head has an outside radius of approximately 12 inches 
and a thickness of 1-5/8 inches. 

7.2.2.1 Chemical Composition 
  Table 7.2.2.1-1 provides the maximum percent content values for alloying elements listed in the 
A212 material specification. 

Table 7.2.2.1-1: ASTM A212-64 Standard Chemistry Values (53) 

 
 

Table 7.2.2.1-2 provides data collected from mill certifications of vessels at MSFC.  

< 1" 1" to 2" 2" to 8" Flange Firebox Flange Firebox Ladle analysis Check analysis
Grade B 0.31 0.33 0.35 0.9 0.035 0.035 0.04 0.04 0.15 to 0.30 0.13 to 0.33

S SiC Mn
Thickness

P
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Table 7.2.2.1-2: Manufacturer Mill Certification Chemistry 

 
 

Table 7.2.2.1-3 provides the chemistry of the A212 head of LPV V0348 at MSFC as determined by 
Arc Spark analyses. The V0348 plate falls comfortably within the A212 specification. 

Table 7.2.2.1-3: V0348 Collected Chemistry Data 

 
 

7.2.2.2 Metallography 
 

Various metallographic studies were performed on the A212 material. These included: grain orientation, 
grain size, grain size through thickness, carburization layer thickness, and macro cubes if showing 
multiple surfaces. 

Studies: 

Grain Orientation study - yes 

Melt/Heat Cert Origin C Mn P S Si
4D-3379-4 Spencer 0.28 0.72 0.012 0.031 0.018
70-5741-3 Spencer 0.27 0.6 0.01 0.025 0.17
7G5710-6B Spencer 0.26 0.7 0.014 0.023 0.16
7G5710-6T Spencer 0.26 0.7 0.014 0.023 0.16

4D3379 Spencer 0.27 0.72 0.012 0.031 0.18
6F7160-10B Spencer 0.26 0.72 0.012 0.027 0.16
4D379-4B Spencer 0.28 0.72 0.012 0.031 0.18
7G5741-4B Spencer 0.27 0.6 0.01 0.025 0.14
7G5741-4T Spencer 0.27 0.6 0.01 0.025 0.14
7G5741-3B Spencer 0.27 0.6 0.01 0.025 0.17
7G5741-3T Spencer 0.27 0.6 0.01 0.025 0.017
6F7160-13 Spencer 0.26 0.72 0.012 0.027 0.16
D-3379-3 Spencer 0.28 0.72 0.012 0.031 0.18
4D-3379-5 Spencer 0.28 0.72 0.012 0.031 0.18
7G-5741-4 Spencer 0.27 0.6 0.01 0.025 0.17

7-G5710-6B Spencer 0.26 0.7 0.014 0.023 0.16
7G5710-6T Spencer 0.26 0.7 0.014 0.023 0.16
6F7160-10B Spencer 0.26 0.72 0.012 0.027 0.16
4D3379-3B Spencer 0.28 0.72 0.012 0.031 0.18

7G5741 Spencer 0.27 0.6 0.01 0.025 0.17
7G5741-3B Spencer 0.27 0.6 0.01 0.025 0.17
7G5471-3T Spencer 0.27 0.6 0.01 0.025 0.17

27343 T.C. & J 0.32 0.84 0.018 0.031 0.257
32492 T.C. & J 0.28 0.83 0.017 0.035 0.252
34327 T.C. & J 0.3 0.8 0.028 0.033 0.243
23683 T.C. & J 0.27 0.79 0.01 0.037 0.248

674053 T.C. & J 0.28 0.71 0.011 0.026 0.22

Vessel Material Location C Si Mn P S Cr Mo Ni Cu Nb V B
V0348 A212 Dissected Head 0.26 0.26 0.82 0.019 0.03 0.021 0.005 0.007 0.024 0.003 0.002 0.001
V0348 A212 Intact Head 0.26 0.27 0.85 0.028 0.047 0.022 0.012 0.005 0.031 0.005 0.002 0.0008
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Grain size study – yes 

Grain size through thickness study - yes 

Carburization layer thickness - yes 

Macro cubes if showing multiple surfaces- yes 

Grain Orientation Study  

Two sets of three metallographic blocks were initially taken from the centerline of the head 
material to correlate the grain orientation with the tensile and fracture toughness testing. The cut plan 
in Figure 7.2.2.2-1 shows how the blocks were removed from the head.  The blocks were polished, 
etched, and photographed, and the photographs were reconstructed as shown in Figure 7.2.2.2-2 and 
Figure 7.2.2.2-3. 

 
Figure 7.2.2.2-1: Sample Cut Plan for Macros from V0348 Head 

 

These macros show that the grains are elongated in the M-C plane with the greatest elongation 
in the circumferential direction. This implies that the grains were approximately equiaxial until the head 
was formed and the grains were only then elongated due to forming into the hemispherical shape. 
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Figure 7.2.2.2-2: Macro from V0348 Head Material at 0 Degrees 10X Magnification 

 

 
Figure 7.2.2.2-3: Macro from V0348 Head Material at 90 Degrees 10X Magnification 

 

Grain Size Study  

ASTM A212 head material was subjected to a grain size study in an effort to classify the V0348 
head material as “coarse” or “fine” grain in accordance with ASTM E112, Standard Test Methods for 
Determining Average Grain Size (54). ASTM E112 covers procedures for estimating average grain size in 
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single phase metals. A through thickness sample, spanning from the inner to the outer surfaces was 
taken to investigate whether any dramatic variation in metallurgy was present through the thickness of 
the head. Multiple high resolution photos were taken of a through thickness macro and stitched 
together to produce Figure 7.2.2.2-4. Figure 7.2.2.2-5, Figure 7.2.2.2-6, and Figure 7.2.2.2-7 provide 
individual high resolution photos which were examined  to determine the grain characteristics at each 
location through the thickness. Since grain size was consistent throughout the head thickness, an 
average location was selected and measured, with results as shown in Figure 7.2.2.2-8. The study 
revealed an average grain size of 7.2 as defined in ASTM E112. For A212, grain size above 5 indicates fine 
grained, and grain size from 1-5 indicates coarse grained. Standard A212 Grade B FBX steel is coarse 
grained, therefore this sample cannot be considered representative of standard structure or properties. 

 
Figure 7.2.2.2-4: Through-Thickness Macro 
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Figure 7.2.2.2-5: Outside Surface Grain Size 

 

 
Figure 7.2.2.2-6: Mid-Thickness Grain Size 
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Figure 7.2.2.2-7: Inside Surface Grain Size 
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Figure 7.2.2.2-8: V0348 Grain Count Head Material Center of Thickness 100X Magnification 

 

7.2.2.2.1 Carburization Layer Thickness Study 
A study was conducted to determine the necessary requirements for analyzing grain size from 

the outer surface of a vessel. The objective was to determine whether checking grain size in the field for 
an in-situ active vessel was feasible. Once the outer coatings were removed, a 0.75 inch diameter flat 
surface was ground. For the 24 inch diameter head this corresponded to a 0.010 inch grind depth. 
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Pictures were taken and a grain size study done resulting in a determination of an average ASTM E112 
grain size number of G = 7.7, shown in Figure 7.2.2.2.1-1 and Figure 7.2.2.2.1-2. Then the surface was 
ground to a total depth of 0.035 inches, pictures taken, and the grain size study repeated, resulting in an 
average size of G = 8.4, shown in Figure 7.2.2.2.1-3 and Figure 7.2.2.2.1-4. The final depth of 0.035 
inches was determined to have passed the decarburization layer and reflected the typical material grain 
properties obtained in the previous section. It was concluded that for field grain size studies, hardness 
measurements, and chemistry measurements a surface grind depth of 0.35 inches was adequate to 
remove the surface carburization and thus to obtain accurate measurements for the head as a whole. 

 
Figure 7.2.2.2.1-1: V0348 Surface study Head Material Outer Surface (0.01 Inch Grind Depth) 
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Figure 7.2.2.2.1-2: V0348 Grain Analysis Head Material Outer Surface (0.01 Inch Grind Depth) 
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Figure 7.2.2.2.1-3: V0348 Surface study Head Material Outer Surface (0.035 Inch Grind Depth) 
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Figure 7.2.2.2.1-4: V0348 Grain Analysis Head Material Outer Surface (0.035 Inch Grind Depth) 

 

From these tests, two key observations were made. First, the forming of the head left elongated 
grains in the circumferential direction. This agrees with previous head investigations. Second, the grain 
has minimal variation from the outer surface to the inner surface of the head, with grain size number 
ranging from 7.5-8.5. This falls under the definition of fine grain, low carbon steel. A surface study was 
also conducted to determine the necessary requirements to correctly characterize grain size with 
minimal impact to the structure. It was determined that a flat surface of 0.75 inches in diameter 
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minimum and 0.035 inches total below the bare metal surface was sufficient to pass through the 
decarburization layer and display the typical grain size characteristics existing through the head 
thickness. 

Summary 

The grain size of the head of LPV V0348 has been characterized as fine grained with negligible difference 
in size through the thickness. The principal longitudinal grain direction is circumferential in the 
fabricated head. Morphology changes through the thickness show a layer of decarburization on the 
inner and outer surfaces, indicating that the material has been quenched and tempered. The typical 
grain through the thickness can be observed by grinding the head to a depth of 0.035 inch to penetrate 
through the decarburization layer. 

7.2.2.3 Mechanical Properties 
Table 7.2.2.3-1 provides minimum values for tensile properties required in the ASTM material 

specification for A212 Grade B steel. 

Table 7.2.2.3-1: A212 Minimum Material Specifications 

 
 

Table 7.2.2.3-2 provides material properties results obtained from mill certifications from all the vessels 
available at MSFC. 

Flange Firebox Flange Firebox
Grade B 38 70 to 85 18 19 21 22

Fracture Elongation in 8 in. (%) Fracture Elongation in 2 in. (%)Tensile 
Stress (ksi)

Yield 
Stress (ksi)
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Table 7.2.2.3-2: LPV Mill Certification Material Properties A212B 

 
 

7.2.2.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted on round specimens according to ASTM E8, “Standard Test 

Methods for Tension Testing of Metallic Materials” (51) using specimen design S-58. These specimens 
were tested at MSFC. The mechanical test frame consisted of a servo-hydraulic actuator and reaction 
frame. The frame used an LVDT for displacement feedback. Stress measurements were derived from 
load measurements and the initial specimen measurements. Strain measurements were derived from an 
extensometer and the initial specimen measurements. 

The results obtained from testing A212 from vessel V0348 are presented in Table 7.2.2.3.1-1. A 
typical engineering stress-strain curve for this material is shown in Figure 7.2.2.3.1-1. 

Melt/Heat Yield Stress (ksi) Tensile Stress (ksi) Elong in 2 in. (%)
4D-3379-4 42.0 73.8 28.0
70-5741-3 42.0 74.5 35.0
7G5710-6B 42.0 73.5 31.0
7G5710-6T 42.0 73.5 31.0

4D3379 42.0 73.8 28.0
6F7160-10B 43.0 77.3 30.0
4D379-4B 42.0 73.8 28.0

7G5741-4B 41.5 72.5 37.0
7G5741-4T 41.5 72.5 37.0
7G5741-3B 42.0 74.5 35.0
7G5741-3T 42.0 74.5 35.0
6F7160-13 43.0 73.3 35.0
D-3379-3 42.5 77.9 31.0

4D-3379-5 42.5 77.8 31.0
7G-5741-4 41.5 72.5 37.0

7-G5710-6B 42.0 73.5 31.0
7G5710-6T 42.0 73.5 31.0
6F7160-10B 43.0 77.3 30.0
4D3379-3B 42.5 76.8 32.0

7G5741 42.0 74.5 35.0
7G5741-3B 42.0 74.5 35.0
7G5471-3T 42.0 74.5 35.0

27343 44.2 79.9 25.0
32492 54.1 76.3 23.7
34327 45.2 81.0 25.0
23683 39.3 71.6 27.5
674053 46.7 77.7 30.0
Average 42.83 75.05 31.5
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Table 7.2.2.3.1-1: A212 Tensile Data V0348 

 
*Note: C denotes circumferential orientation 

 
 

 
Figure 7.2.2.3.1-1: A212 Smooth Specimen Tensile Plot for Sample 483-27 

 

7.2.2.3.2 Notch Tensile Tests 
Notch tensile tests of A212 specimens were conducted according to ASTM G142, “Standard Test 

Method for Determination of Susceptibility of Metals to Embrittlement in Hydrogen Containing 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

483-27 21 C 75.9 39.8 34.5
483-28 21 C 74.8 40.1 35.2
483-29 21 C 80.1 44.0 33.6
483-30 21 C 79.3 43.0 36.0
483-31 -46 C 81.2 45.7 36.7
483-32 -46 C 81.3 46.2 36.1
483-33 -73 C 85.5 52.1 38.9
483-34 -73 C 86.6 53.3 39.4

0
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20000

30000

40000
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70000
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Environments at High Pressure, High Temperature, or Both” (52). The test specimens were standard 
notch tensile design S-40-B with notch diameter = 0.25 inches. Kt value 6.0 (5.55 – 6.48). 

A total of six specimens were removed from the V0348 LPV head and underwent two baseline 
tests and four gaseous hydrogen tests. The environment for the two baseline tests was 5000 psi gaseous 
helium at an ambient temperature of approximately 85°F. The environment for the four hydrogen 
embrittlement tests was 5000 psi gaseous hydrogen at an ambient temperature of approximately 85°F. 
The test frame was equipped with a servo-hydraulic mechanical actuator and reaction member. Stress 
measurements were derived from a load cell and specimen pre-test dimension measurements. 
Displacement measurements were derived from an LVDT. The tests were performed in displacement 
control at an actuator speed of 0.0005 inches/minute. 

The average tensile stress for the baseline GHe tests was 104 ksi, with a minimum value of 103 
ksi. The average tensile stress for GH2 tests was 78 ksi, with a minimum value of 77 ksi. Due to lack of 
ductility in GH2 after yielding, A212 is not recommended for GH2 service. The results of these tests are 
presented in Table 7.2.2.3.2-1 and Figure 7.2.2.3.2-1.  

Table 7.2.2.3.2-1: A212 Notch Tensile Data, V0348 

 
 

 

Specimen ID Test Temp. (°C) ASTM 
Orientation

Tensile Stress
(ksi)

Notes

483-40 21 C 78 5000 psi, Ambient, GH2
483-41 21 C 77 5000 psi, Ambient, GH2
483-42 21 C 78 5000 psi, Ambient, GH2
483-43 21 C 79 5000 psi, Ambient, GH2
483-44 21 C 104 5000 psi, Ambient, GHe
483-45 21 C 104 5000 psi, Ambient, GHe
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Figure 7.2.2.3.2-1: A212 Notch Tensile Plot, V0348 

7.2.2.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10) All other 

temperatures were tested in accordance with ASTM E1921. Testing for both standards use specimen 
design S-318 Rev A. All A212 fracture tests came from vessel V0348 and were tested with the crack 
plane in the C-M orientation as defined by ASTM (both grain and vessel orientations). The specimens 
used were ASTM E1820 compact specimens (C(T)) with W = 2.0 inches and B = 1.0, a/W = 0.5 and all 
specimens were side grooved to a total thickness reduction of 20%. The cutting diagram used to remove 
the C(T) specimens from the V0348 head is shown in Figure 7.2.2.3.3-1. 
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Figure 7.2.2.3.3-1: Cut Plan for V0348 Fracture Specimens (C-M Orientation) 

 

Table 7.2.2.3.3-1provides raw values of test data obtained from fracture tests conducted on 
V0348 A212 head material. Tests with results identified as upper shelf are listed under ASTM E1820, 
while transition temperature tests are listed under E1921 (7). Tests that meet the complete validity 
requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq convey 
valuable fracture toughness information, especially when the test results are applied directly to the 
sample material source. Although it was tested in the transition temperature window, Specimen 483-4 
did not display the characteristics of an E1921 test and as such was analyzed as an upper shelf test. 
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Table 7.2.2.3.3-1: A212 Fracture Data V0348 

 
 

 

Figure 7.2.2.3.3-2 shows a typical load versus crack opening displacement record for an upper 
shelf E1820 test and the resulting J integral resistance curve (J-R curve) is presented in Figure 7.2.2.3.3-3, 
which shows the evaluation of Jq according to E1820. 

Results from the 13 E1921 tests are presented in Table 7.2.2.3.3-2 and Table 7.2.2.3.3-3. These 
results were obtained using the T0TEM Code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -57°C using the E1921 Master Curve shown in Figure 7.2.2.3.3-4. 

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  

(kJ/m2)
KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

483-2 23 C-M 2.0019 1.0164 1.0721 0.9993 0.8025 145 180 --- E1820
483-1 22 C-M 2.0022 1.0075 1.0610 1.0000 0.7985 93 144 --- E1820
483-4 -24 C-M 2.0025 1.0029 1.0701 1.0003 0.8021 95 146 --- E1820
483-3 -24 C-M 2.0021 0.9950 1.0330 0.9990 0.8015 163 191 191 E1921

483-12 -46 C-M 1.9997 1.0097 1.0191 0.9993 0.7977 52 108 108 E1921
483-13 -46 C-M 1.9998 1.0032 1.0207 0.9983 0.7972 81 135 135 E1921
483-14 -46 C-M 2.0076 1.0116 1.0150 0.9930 0.7970 98 148 148 E1921
483-17 -46 C-M 2.0043 1.0077 1.0285 0.9993 0.7952 110 156 156 E1921
483-5 -46 C-M 2.0024 1.0163 1.0294 1.0000 0.7995 84 137 137 E1921
483-6 -46 C-M 2.0014 1.0103 1.0248 1.0000 0.7967 117 162 162 E1921
483-7 -46 C-M 2.0026 1.0166 1.0363 0.9993 0.8000 83 136 136 E1921
483-8 -46 C-M 2.0020 1.0141 1.0320 0.9997 0.7988 115 160 160 E1921

483-10 -73 C-M 2.0023 1.0478 1.0506 0.9987 0.7960 30 82 82 E1921
483-11 -73 C-M 2.0024 1.0166 1.0236 0.9987 0.7960 20 66 66 E1921
483-15 -73 C-M 2.0019 1.0026 1.0219 0.9997 0.7970 27 78 78 E1921
483-16 -73 C-M 2.0007 1.0080 1.0207 0.9990 0.7971 41 95 95 E1921
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Figure 7.2.2.3.3-2: A212 Load Versus COD Plot, Sample 483-2 
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Figure 7.2.2.3.3-3: A212 Jq Versus Δa Plot, Sample 483-2 

 

 

Table 7.2.2.3.3-2: T0 Individual Specimen Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

483-3 -24 173.9 173.9 1 33
483-5 -46 124.8 124.8 1 11
483-6 -46 147.2 147.2 1 11
483-7 -46 124.2 124.2 1 11
483-8 -46 146 146.0 1 11

483-10 -73 74.5 74.5 1 -16
483-11 -73 60.5 60.5 1 -16
483-12 -46 98.2 98.2 1 11
483-13 -46 122.7 122.7 1 11
483-14 -46 134.7 134.7 1 11
483-15 -73 70.8 70.8 1 -16
483-16 -73 86.7 86.7 1 -16
483-17 -46 142.4 142.4 1 11
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Table 7.2.2.3.3-3: T0 Calculation Results 

 
 

 

The results of the E1921 analysis show that the A212 material removed from the V0348 head is 
macroscopically homogenous, indicating consistent properties throughout the sampled material. For 
this data set, the ductile-brittle transition temperature was found to be -57°C. This result also meets the 
E1921 validity criteria for a sufficient number of samples tested in an appropriate temperature range 
with Σ(ri ni) ≥ 1.0. 

 

T0 (°C) -57
Total Samples 13
Samples within T0 ± 50°C (N) 13
Number of Uncensored Data (r) 13
Poisson's Ratio 0.3
Σ(ri ni) 2.07
Samples Between Ti - T0 50 to -14 °C 9
Samples Between Ti - T0 -15 to -35 °C 4
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -57
Homogenous or Inhomogeneous Homogenous
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Figure 7.2.2.3.3-4: A212 T0 Plot 

7.2.2.3.4 Fatigue Crack Growth 
Fatigue crack growth tests were not performed on this material. 

7.2.2.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 
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7.2.3 A302B Modified 
A302B is also used as the head material of LPVs. The chemistry data reported in Figure 7.2.3.1-1 

are from vessel V0071, dissected at Stennis Space Center and tested at MSFC. This particular material 
sample is listed as A302B-Modified which likely signifies the addition of more nickel to help add 
toughness, prior to the addition of A302C to the ASTM standard. Many literature searches for this 
material produced mostly irradiated Charpy data for nuclear reactor vessels which differed significantly 
from the tested LPV head material. However, the Charpy to fracture correlation appears to remain intact 
as detailed in Section 7.2.3.3.5. 

7.2.3.1 Chemical Composition 
Figure 7.2.3.1-1 provides the maximum percent content or ranges listed in the ASTM A302 material 
specification. 

 
Figure 7.2.3.1-1: ASTM A302/A302M-82 Standard Chemistry Values (33) 

 

Table 7.2.3.1-1 provides data collected from Arc Spark analyses of vessel V0071. 

Table 7.2.3.1-1: A302 Collected Chemistry Data, V0071 

 
 

7.2.3.2 Metallography 
This section reports the results of the grain orientation and macro cubes studies performed on the 
material samples from V0071.  No grain size, through thickness grain size, or carburization studies were 
performed. 

Grain Orientation Study  

C Si Mn P S Cr Mo Ni Cu Nb V B
0.190 0.220 1.340 0.008 0.020 0.140 0.450 0.510 0.220 0.003 0.003 0.0006

Chemistry (%)
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One set of three metallographic blocks was taken from the centerline of the head material to 
correlate the grain orientation with the tensile and fracture toughness testing. The cut plan in Figure 
7.2.3.2-1 shows how the blocks were removed from the head. The blocks were polished, etched, and 
photographed, and the photographs were reconstructed as shown in Figure 7.2.3.2-2 through Figure 
7.2.3.2-5, and  Table 7.2.3.2-1 gives the descriptions of the metallographic structures observed. 

 
Figure 7.2.3.2-1: Cut Plan for Macros from V0071 Head 

 

Table 7.2.3.2-1: A302 Macro Observations, V0071 

 
 

The macros shown in Figure 7.2.3.2-2 through Figure 7.2.3.2-5 were extracted from the center of 
thickness of the V0071 head as shown in Figure 7.2.3.2-1. 
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Figure 7.2.3.2-2: A302 Macro 617-59 

 

 
Figure 7.2.3.2-3: A302 Macro 617-60 
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Figure 7.2.3.2-4: A302 Macro 617-61 

 

 
Figure 7.2.3.2-5: A302 Macro Cube, V0071 

 

These macros show that the grains are elongated in the M-C plane with the greatest elongation 
in the circumferential direction. This implies that the grains were approximately equiaxial until the head 
was formed and the grains were only then elongated due to forming to the hemispherical shape. 
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The results of the macro cubes are as expected with the material working direction being in the 
circumferential direction. Fracture testing will be conducted in the C-M orientation, which while not the 
absolute weakest orientation, is the weakest orientation in which cracks could appear. 

7.2.3.3 Mechanical Properties 
Figure 7.2.3.3-1 provides the mechanical properties listed in the ASTM A302 material specification (33). 

 
Figure 7.2.3.3-1: A302 Minimum Material Specifications (33)  

7.2.3.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens according to ASTM E8, 

“Standard Test Methods for Tension Testing of Metallic Materials” (51) using specimen design S-219 
Revision A. The mechanical test frame consisted of a servo-hydraulic actuator and reaction frame. The 
frame used an LVDT for displacement feedback. Stress measurements were derived from load 
measurements and the initial specimen measurements. Strain measurements were derived from an 
extensometer and the initial specimen measurements. 

The results obtained from testing of A302 from vessel V0071 are presented in Table 7.2.3.3.1-1. 
A typical engineering stress-strain curve is shown in Figure 7.2.3.3-1. 

Table 7.2.3.3.1-1: A302 Tensile Data V0071 
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Figure 7.2.3.3.1-1: A302 Smooth Tensile Plot for Sample 617-23 

7.2.3.3.2 Notch Tensile Tests 
Notch tensile tests were not performed on this material. 

7.2.3.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10). All other 

temperatures were tested in accordance with ASTM E1921 (7). Testing for both standards use specimen 
design S-318 Rev A. All A302 fracture tests came from vessel V0071 and were tested with the crack 
plane in the C-M orientation as defined by ASTM (both grain and vessel orientations). The specimens 
used were ASTM E1820 compact specimens (C(T)) with W = 2.0 inches and B = 1.0 inch, a/W = 0.5 and all 
specimens were side grooved to a total thickness reduction of 20%. The cutting diagram used to remove 
the C(T) specimens from the V0071 head is shown in Figure 7.2.3.3.3-1. 
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Figure 7.2.3.3.3-1: Example Cut Plan for V0071 Fracture Specimens (C-M Orientation) 

 

Table 7.2.3.3.3-1 raw values obtained from fracture tests conducted on V0071 A302 head 
material. Test results identified as upper shelf are listed under ASTM E1820, while transition 
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temperature tests are listed under E1921. Tests that meet the complete validity requirements for Jq = J1C 
and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq convey valuable fracture 
toughness information, especially when the test results are applied directly to the sample material 
source. 

Table 7.2.3.3.3-1: A302 Fracture Data V0071 

 
 

 

  

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

617-7 21 C-M 1.9997 1.0438 1.3361 0.9998 0.8078 237 230 --- E1820
617-8 21 C-M 1.9998 1.0389 1.2255 1.0023 0.8050 223 223 --- E1820
617-11 -30 C-M 2.0003 1.0414 1.0414 0.9996 0.8050 46 101 101 E1921
617-12 -30 C-M 2.0026 1.0381 1.0407 0.9991 0.8014 96 147 147 E1921
617-14 -30 C-M 2.0000 1.0421 1.0421 0.9999 0.8032 128 169 169 E1921
617-16 -30 C-M 2.0015 1.0343 1.0375 0.9987 0.8011 77 131 131 E1921
617-9 -50 C-M 2.0004 1.0422 1.0529 0.9999 0.8000 160 189 189 E1921
617-10 -50 C-M 2.0014 1.0408 1.0454 1.0000 0.8013 57 112 112 E1921
617-13 -50 C-M 1.9998 1.0448 1.0503 0.9986 0.8007 70 125 125 E1921
617-15 -50 C-M 2.0004 1.0409 1.0484 0.9980 0.8010 163 191 191 E1921
617-1 -73 C-M 2.0013 1.0362 1.0362 1.0005 0.8058 178 199 199 E1921
617-2 -107 C-M 2.0002 1.0319 1.0356 1.0007 0.8054 20 68 68 E1921
617-3 -107 C-M 1.9993 1.0452 1.0452 0.9997 0.8031 45 101 101 E1921
617-4 -107 C-M 2.0008 1.0363 1.0363 1.0005 0.8075 35 89 89 E1921
617-5 -107 C-M 1.9996 1.0469 1.0475 0.9998 0.8044 38 92 92 E1921
617-6 -107 C-M 1.9998 1.0352 1.0375 1.0006 0.8039 21 68 68 E1921
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Figure 7.2.3.3.3-2: A302 Load Versus COD Plot, Sample 617-7 
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Figure 7.2.3.3.3-3: A302 Jq Versus Δa Plot, Sample 617-7 

 

Table 7.2.3.3.3-2: T0 Individual Specimen Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

617-1 -73 199.3 199.3 1 20
617-2 -107 67.6 67.6 1 -13
617-3 -107 100.8 100.8 1 -13
617-4 -107 89.1 89.1 1 -13
617-5 -107 92.0 92.0 1 -13
617-6 -107 68.3 68.3 1 -13
617-9 -50 189.2 189.2 1 43

617-10 -50 112.5 112.5 1 43
617-13 -50 125.3 125.2 1 43
617-15 -50 190.7 190.6 1 43
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Table 7.2.3.3.3-3: T0 Calculation Results 

 
 

The results of the E1921 analysis show that the A302 material removed from the V0071 head is 
macroscopically homogenous, indicating consistent properties throughout the sampled material. For 
this data set, the ductile-brittle transition temperature was found to be -93°C. This result also meets the 
E1921 validity criteria for a sufficient number of samples tested in an appropriate temperature range 
with Σ(ri ni) ≥ 1.0. 

Initial T0 (°C) -93
Total Samples 10
Samples within T0 ± 50°C (N) 10
Number of Uncensored Data (r) 10
Poisson's Ratio 0.3
Σ(ri ni) 1.67
Samples Between Ti - T0 50 to -14 °C 10
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -92
Homogenous or Inhomogeneous Homogenous
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Figure 7.2.3.3.3-4: A302 T0 Plot 

7.2.3.3.4 Fatigue Crack Growth 
Fatigue crack growth tests were not performed on this material. 

7.2.3.3.5 Charpy Impact 
Charpy impact tests were performed on this material per ASTM E23 (17) with the intention of 

comparing the results to historical Charpy test data. Significant numbers of Charpy tests have been 
A302B materials in the past. If the current data shows similarity, then an argument can be made for 
accepting the previous results as relevant to LPVs. 

Twenty Charpy impact specimens were machined from the V0071 A302 head material in the C-M 
orientation, the same orientation used for the E1820/E1921 fracture specimens. 
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Table 7.2.3.3.5-1: A302 Charpy Impact Results V0071 

 
 

 
Figure 7.2.3.3.5-1 through Figure 7.2.3.3.5-4 provide plots and charts comparing toughness data 

for the A302B steel removed from the hemispherical head of the LPV designated V0071 to fracture 
toughness data on A302B obtained from the literature in references (35), (37), (40), (33), (34). 

The V0071 A302B is shown to be superior to legacy A302B steels reported in the references. It is 
not clear at this time whether this is caused by the relatively more recent date of manufacture of the 
V0071 vessel, hence cleaner steel, or simple variability between material samples. Nonetheless, it is 
proposed that the larger data set obtained from the technical literature will be useful to establish the 
material variability present in A302B steel, and hence this data and this comparison will be useful in the 
structural integrity analysis of other LPVs. 

Table 7.2.3.3.5-2 provides the chemical analysis reported for the ORNL A302 plates and for the 
MSFC vessel V0071 head A302 steel. Note that the Z8 plate was an A533B steel that ORNL included in 
their report. Data for it is not included in this analysis because the alloy is not found in any NASA LPVs. 

 
Table 7.2.3.3.5-2: A302 Chemistry ORNL (58) 
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Table 7.2.3.3.5-3: A302 Chemistry V0071 

 
 

 

 
Figure 7.2.3.3.5-1: Tensile Properties of V0071 A302B Modified and ORNL A302B 

 

The yield stress and ultimate tensile strength for each of the ORNL plates and the V0071 head 
steel are plotted versus carbon content in Figure 7.2.3.3.5-1. The V0071 steel has a very high yield stress 
and the ultimate tensile strength exceeds the maximum ultimate strength allowed for A302 steel plates. 

Figure 7.2.3.3.5-2 shows a typical Charpy data set result from the Hiser (57) work. This figure 
shows the Charpy-defined toughness transition and can be utilized to obtain a ductile-brittle transition 
temperature at a toughness level of 20 ft-lbs (28 J), 30 ft-lbs (41 J), or 40 ft-lbs (56 J), etc., as desired for 
the application at hand. In this work, a 30 ft-lb toughness level is used to quantify the Charpy transition 
temperature. 

C Si Mn P S Cr Mo Ni Cu Nb V B
0.190 0.220 1.340 0.008 0.020 0.140 0.450 0.510 0.220 0.003 0.003 0.0006

Chemistry (%)
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Figure 7.2.3.3.5-2: Typical Charpy Data Set (57) 

 

Figure 7.2.3.3.5-3 and Figure 7.2.3.3.5-4 show data obtained from Wang (40) who did a large 
study of the effects of irradiation on A302B and A533B steels. These figures show the baseline un-
irradiated toughness data measured for a large number of A302 steels that were used in commercial and 
research nuclear power plants during the 1950s and 1960s. 
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Figure 7.2.3.3.5-3: A302 30 ft-lb Transition Temperatures L-T Orientation (43) 

 

 
Figure 7.2.3.3.5-4: A302 30 ft-lb Transition Temperatures T-L Orientation (43) 
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The Wang Charpy data can be used to estimate the E1921 T0 reference temperature as shown in 
Figure 7.2.3.3.5-5 and Figure 7.2.3.3.5-6 using correlations developed by Wallin (21) and Sokolov and 
Nanstad (43). The original correlation between the legacy Charpy transition temperature and T0 was 
presented by Wallin as shown in Figure 7.2.3.3.5-5used a 20 ft-lb toughness level to define the transition 
temperature. The second correlation shown in Figure 7.2.3.3.5-6 based on the 30 ft-lb transition 
temperature was presented by Sokolov and Nanstad. 

Figure 7.2.3.3.5-7 and Figure 7.2.3.3.5-8 show the estimated T0 obtained from the Charpy 
transition data by applying the Sokolov and Nanstad proposed 24°C (43°F) shift defined in Figure 
7.2.3.3.5-6 to the Wang Charpy transition results of Figure 7.2.3.3.5-3 and Figure 7.2.3.3.5-4. 
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Figure 7.2.3.3.5-5: Wallin Correlation Between T0 and 20 ft-lb Charpy Transition (43), (21) 

 

 
Figure 7.2.3.3.5-6: Revised T0 to 30 ft-lb Charpy Correlation (43), (21) 
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Figure 7.2.3.3.5-7: A302B T0 ORNL Correlation Wang (43), (21) 
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Figure 7.2.3.3.5-8: A302B T0 ORNL Correlation Wang (43), (21) 

 
Figure 7.2.3.3.5-9: 30 ft-lb Transition ORNL Charpy, V0071 for A302B (43), (21) 
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Figure 7.2.3.3.5-9 shows the 30 ft-lb transition Charpy results obtained by ORNL on the seven 
A302 plates (34). Also shown are two fit equations which were then shifted by ‑24°C to show the 
predicted T0 values corresponding to the ORNL Charpy results. In addition, the graph includes the results 
obtained by Chaouadi et al. (37) for an A302B steel removed from an ORNL test reactor. The Chaouadi 
results are quite consistent with the ORNL Charpy predictions and the T0 from the ORNL T0 to Charpy 
transition predictions. The Chaouadi Master Curve plot is presented in Figure 7.2.3.3.5-10 with T0 = 
‑64°C and is the only data set that was found in the literature for A302 steel. In this case, the steel was 
removed from a decommissioned ORNL reactor as part of an irradiation study. The data presented here 
was from material removed from a portion of the reactor pressure vessel that received very limited 
radiation. Other A302 data is presented by McCabe (34), but in that case the A302 had been specially 
heat treated to simulate irradiation and the T0 resulting from that study is not comparable with the steel 
used in the head of MSFC vessel V0071.  The Charpy result of -40°C falls close to the ORNL data while the 
V0071 T0 = -93°C falls relatively low, but within the 2σ = 40°C (72°F) confidence bound predicted by 
Sokolov and Nanstad in Figure 7.2.3.3.5-6. 

 

 
Figure 7.2.3.3.5-10: Chaouadi (37)Master Curve for ORNL A302B 
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Figure 7.2.3.3.5-11: Upper Shelf J-R Curve; V0071 Versus ORNL (37) Average in L-T Orientation  
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Figure 7.2.3.3.5-12: Upper Shelf J-R Curve, V0071 Versus Average ORNL (37) in T-L 

Orientation 
 

Figure 7.2.3.3.5-11 and Figure 7.2.3.3.5-12 compare the E1820 J-R curves obtained at MSFC for 
V0071 with average J-R curves obtained by ORNL (37) on their seven A302 plates. Clearly, the correlation 
is good in both cases. The difference between toughness measured in the two crack orientations is not 
great in this case since the thick plates have not been rolled as much as would be the case in 0.25 inch 
thick plates, as found in the layers of the cylindrical section of the LPVs. 

The upper shelf Charpy toughness measured for the ORNL plates is shown versus carbon content 
in Figure 7.2.3.3.5-13. The average upper shelf Charpy toughness measured for the V0071 A302B was 
104 ft-lb as shown in Figure 7.2.3.3.5-14. This result is comparable to the results obtained by ORNL. 
There is no established correlation between upper shelf toughness measured by the Charpy test and 
toughness measurements taken from J-R curves. The trend in toughness behavior is similar to more 
elevated J-R curves corresponding to higher upper shelf Charpy toughness, but the Charpy test result is 
soon saturated since the specimen is small compared to the specimen allowed and required by E1820 
for the JIc and J-R results to be valid. 

The E1921 T0 reference temperature for the V0071 has been measured as T0 = -93°C. This is at 
the lower limit of what would be expected based on the Wang results converted to an estimated T0 as 
shown above in Figure 7.2.3.3.5-7 and Figure 7.2.3.3.5-8. Results in Figure 7.2.3.3.5-9 show the Charpy 
transition temperature to be between -10°C and -50°C for the seven plates tested which is consistent 
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with the Wang data. Applying the Charpy to T0 correlation estimates T0 to be -64°C, which is 
considerably higher than the MSFC V0071 result of -93°C, but the V0071 value is within the 2σ = 40°C 
correlation window for the seven plates, which extends to -104°C as shown in Figure 7.2.3.3.5-6. 

The T0 = -93°C and the upper shelf toughness measured in terms of KJ ~ 230 MPa√m in Figure 
7.2.3.3.5-11 demonstrate much higher toughness than that found previously by MSFC for the A212 and 
A225 steel heads present in the majority of NASA LPVs. 

 
Figure 7.2.3.3.5-13: Upper Shelf Charpy Toughness, V0071 Versus ORNL (37) 

 

The Charpy transition temperature for the V0071 A302B steel was obtained using the data set 
plotted in Figure 7.2.3.3.5-14. The 30 ft-lb transition gives T30 = -39.7°C or essentially -40°C. Figure 
7.2.3.3.5-15 shows the ORNL correlation plot of Figure 7.2.3.3.5-6 with the new V0071 data added. The 
data falls within the ORNL proposed confidence bounds. 
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Figure 7.2.3.3.5-14: Charpy Transition Evaluation for V0071 A302B Modified 
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Figure 7.2.3.3.5-15: ORNL T0 to Charpy T30 Correlation with V0071 Point Added 

 

Summary  
The MSFC V0071 vessel head A302 steel is clearly superior in toughness to most A302B steels 

reported in the literature. The tensile properties are high and even exceed what is allowed by the ASTM 
A302 standard while the transition temperature approaches the lowest number previously measured for 
this steel. The upper shelf toughness for the V0071 A302B steel defined by ASTM E1820 is in line with 
what has been reported by ORNL for this steel. The Charpy test results are also consistent with historical 
results with an average upper shelf toughness of 104 ft-lbs. and a ductile-brittle transition temperature 
at 30 ft-lbs, T30 = -40°C. The comparison of T0 and T30 results shows that they are consistent with 
standard correlations developed to predict T0 from T30 , and vice versa. 
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7.3 Parent Shell Course Materials 
Parent shell steels are used in LPVs to construct the wrapped layers of the cylindrical section of 

the LPV. These steels are fabricated as rolled plates between 0.25 inches and 0.5 inches thick. They are 
rolled dramatically and cold finished to tensile properties in excess of 72 ksi yield strength and 100 ksi 
ultimate strength. This combination yields poor fracture toughness properties, properties which were 
not well understood when these vessels were fabricated. Some vessels may have layers up to 1.75 inch 
thick, but this is not common. The materials investigated in this section are 1146, 1143, and T-1 (A517). 
The 1146 variety was specified somewhat differently by A.O Smith (56) and CB&I (58) and is designated 
here as 1146a for the A.O. Smith Version and 1146 for the CB&I version. 

Wrapper steels from four LPVs have been investigated in this report. One vessel, V0023 
demonstrated a strong variation in tensile and fracture properties around the circumference of the inner 
layer, but had consistent tensile and fracture properties along the length of the vessel. This observation 
caused a considerable effort to be undertaken involving the follow four items: 1) Additional tensile and 
fracture toughness tests were conducted at locations around the circumference of the inner layer, 2) 
Hardness was measured at every 30 degrees around the circumference of the V0023 vessel, 3) An 
extensive microstructural and metallurgical study was conducted on the V0023 inner layer to 
understand the causes of the observed property variations, and 4) hardness measurements were taken 
around the circumferences of the other available LPV inner layers to determine whether the property 
variation existed in the other vessels for which this information could be obtained. This study is 
described in the Section  7.3.1.3.1. 

The principal observations of this work were to determine whether the property variation 
displayed by vessel V0023 was found in the inner layers of other LPVs (It was not.) It was also observed 
that the steel microstructure corresponded to the observed variation in fracture and tensile properties 
with the microstructure varying from a spheroidized carbide microstructure to an equiaxial ferrite 
structure. It was not determined how such variation could have been introduced into the inner layer of 
this vessel. Since the spheroidized structure requires a very slow cooling process, it was most likely 
introduced into the plate during the manufacturing process when the ferrite structure can result from a 
more rapid cooling. Because the inner layer is basically a membrane used to maintain the vessel 
pressure and, hence, contributes only slightly to the vessel integrity, it is not extremely concerning that 
the properties of this layer of vessel V0023 were found to be so variable. 

7.3.1 1146 
1146 is a carbon manganese steel defined by a proprietary standard which was commonly used 

by both A.O. Smith and CB&I in the construction of LPV wrapper layers and inner layers. A proprietary 
melt common to the time period, 1146 is a high strength steel that has marginal to poor fracture 
properties under the standard heat treatment. The steel used in the LPVs is typically 0.25 inch rolled 
plate for wrapper layers and 0.375 inch to 0.5 inch plate for inner layers. LPV drawings indicate that the 
inner layers were stress relieved post-welding, while the wrapper layers were not. 
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7.3.1.1 Chemical Composition 
The variations of 1146 produced during this time period were typically governed by internal 

manufacturer specifications. The values from the manufacturer documentation are found in Table 
7.3.1.1-1. 

Table 7.3.1.1-1: 1146 Manufacturer Specifications (% Composition) (56), (58) 

 
 

The data in Figure 7.3.1.1-1 were collected from mill certifications of vessels at MSFC. The 
differences between the AOS and CB&I designations relate to different tensile requirements as shown in 
Table 7.3.1.1-1.  

 
Figure 7.3.1.1-1: 1146 Material Chemistry Mill Certifications (Percent Composition) (56), (58) 

 

Table 7.3.1.1-2 presents data collected from Arc Spark analyses of LPV chemistries at MSFC. For 
V0023, Inner Layer A and Inner Layer B are the locations at which significantly different material 

Material Thickness C Mn P S Si Ni V
AOS 1146a 0.18" ≤ t ≤ 0.375" 0.18-0.25 1.1-1.5 0-0.04 0-0.05 0.2-0.35 0.4-0.7 0.13-0.18
AOS 1146a 0.375" < t ≤ 0.580" 0.18-0.25 1.1-1.5 0-0.04 0-0.05 0.2-0.35 0.4-0.7 0.13-0.18
CB&I 1146 0.18" ≤ t ≤ 0.375" 0.18-0.25 1.1-1.5 0-0.04 0-0.05 0.2-0.35 0.4-0.7 0.13-0.18
CB&I 1146 0.375" < t ≤ 0.580" 0.18-0.25 1.1-1.5 0-0.04 0-0.05 0.2-0.35 0.4-0.7 0.13-0.18

Chemical Content (%)
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properties were located. Chemistry measurements were performed at each location to ensure 
consistent content. 

Table 7.3.1.1-2: 1146 Material Chemistry Collected Data (Percent Composition) 

 
 

7.3.1.2 Metallography 
Metallography studies performed on the inner layer of LPV V0023 included grain structure and 
hardness, grain orientation, and macro cubes if showing multiple surfaces.  Grain size, through thickness 
grain size, and carburization layer thickness studies were not conducted. 

Hardness Study 

Hardness measurements were taken at multiple locations on all available 1146 vessels. In 
general, hardness did not vary between locations with the exception of within the V0023 inner layer. 
Around the circumference of the V0023 inner layer, there were significant differences in hardness. 
These correlated with the L plate direction which is the C vessel orientation. The difference was initially 
noticed at the inner layer weld seam that joins Plate A to Plate B. Inner layer plates are rolled into 
cylinders, welded longitudinally to themselves, and then joined together via circumferential welds to 
produce the full vessel length. At the first point of investigation, Plate A was found to be on average 5 
Rockwell Hardness B scale (HRB) softer than Plate B. (See Figure 7.3.1.2-1 and Table 7.3.1.2-1). 

It was initially assumed that the difference was between the two separate plates, however 
further investigation showed the plates to be nearly identical. The actual hardness difference occurred 
within the individual plates, varying around the circumference of the vessel and thus along the length of 
each plate as manufactured. This variation prompted a check of the hardness of all other tested vessel 
inner layers. V0023 was the only vessel to demonstrate this anomaly, and therefore was the only vessel 
to receive an in-depth study. 

Vessel Material Location C Si Mn P S Cr Mo Ni Cu V
MV50466-8 1146 Inner Layer 0.17 0.25 1.41 0.027 0.029 0.18 0.01 0.56 0.05 0.15

V32 1146 Inner Layer 0.18 0.22 1.19 0.016 0.017 0.064 0.017 0.51 0.028 0.14
V0023 1146 Inner Layer A 0.25 0.32 1.58 0.021 0.035 0.11 0.034 0.57 0.04 0.15
V0023 1146 Inner Layer B 0.24 0.32 1.59 0.021 0.035 0.11 0.034 0.58 0.041 0.15
V0023 1146 Layer 1 Plate A 0.23 0.25 1.3 0.023 0.012 0.081 0.016 0.52 0.042 0.12
V0023 1146 Layer 2 Plate B 0.23 0.24 1.37 0.03 0.018 0.088 0.022 0.52 0.045 0.14
V0023 1146 Layer 6 Plate A 0.24 0.27 1.38 0.023 0.018 0.084 0.017 0.51 0.041 0.14

MV50466-8 1146 Mid Layer 0.22 0.24 1.33 0.02 0.017 0.066 0.014 0.5 0.036 0.13
V125 1146 Mid Layer 0.25 0.27 1.39 0.015 0.03 0.044 0.01 0.52 0.03 0.15
V32 1146 Mid Layer 0.25 0.27 1.28 0.014 0.02 0.039 0.009 0.5 0.026 0.14
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Figure 7.3.1.2-1: V0023 Inner Layer Circumferential Weld Hardness Map 

 

Table 7.3.1.2-1: Average Hardness Values 

 
 

 

For both Plates A and B, as described above in this section, hardness measurements were taken 
at regular intervals around the circumference of the vessel, which is the length of the plate as it was 
originally produced. Inner layer longitudinal welds are offset from each other to prevent the formation 
of a continuous weld path along the length of the vessel (see Figure 7.3.1.2-2). Thus, when the hardness 
measurements were taken according to a zero location on the vessel, initially the pattern did not 
present itself (see Figure 7.3.1.2-3). In Figure 7.3.1.2-4, the measurements were rotated such that the 
longitudinal welds were aligned, giving a hardness map from beginning to end of the original plate 
length for Plates A and B. This revealed a pattern with the highest hardness values located towards the 
center of the original plate and the lowest hardness values located towards the ends of the plate. Later 
tests conducted on Plate C (an inner 1146 layer from a different LPV remnant) are also shown on Figure 
7.3.1.2-4. These test results showed no inconsistency throughout the plate, except in the seam weld, 
and values were similar to the low hardness sections of Plates A and B. This indicates that Plate C is likely 
the intended material treatment and therefore would have properties similar to the low hardness 
sections of Plates A and B. 

Side A Side B
91.6 97.4
91.0 95.5
91.7 98.2

Average 91.43 97.03

HRB
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Figure 7.3.1.2-2: V0023 Inner Layer Weld 

 

 
Figure 7.3.1.2-3: Hardness Data from Plates A and B, Oriented by Vessel Location 
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Figure 7.3.1.2-4: Hardness Data from Plates A, B, and C, Aligned by Original Plate Length 

 

Grain Orientation Study  

The results of the previously discussed hardness study prompted the creation and analysis of 
macro cubes from two different locations of the B plate, C4-2 0B and C3-1 0B. Cut plans and macro 
design are shown in Figure 7.3.1.2-5. The assembled macro cube photos in Figure 7.3.1.2-7 and Figure 
7.3.1.2-8 exhibit clear differences in microstructure which are detailed in Table 7.3.1.2-2. 
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Figure 7.3.1.2-5: Cut Plan for Macros from V0023 Inner Layer 
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Figure 7.3.1.2-6: Macro Size and Face Orientation 

 

 
Figure 7.3.1.2-7: C4-2 0B at 100x Magnification 
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Figure 7.3.1.2-8: C3-10B at 100x Magnification 

 

Table 7.3.1.2-2: Analysis of Macros 

 
 

 

The results reported in Table 7.3.1.2-2 show that distinctly different microstructures were found in 
areas C4 and C3 of the B Plate. Achieving these microstructures could not have happened without 
application of markedly different heat treatments to different areas of the plate. The spheroidized 
microstructure requires a slow furnace cool and was likely the desired process. The ferritic structure was 

C4-2 0B 

C3-1 0B 
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then achieved by a local heating and cooling of the plate at some point during the LPV fabrication. 
Spheroidized carbide is achieved using a specific anneal that is designed to make the material very soft 
and must be intentionally produced by heating material to a high temperature and then slow cooling 
~50°F/hour in the furnace.  This had to be done first as part of the material creation. The equiaxed 
ferrite and lamellar pearlite come from experiencing extremely high temperatures after anneal and then 
being air cooled. The locations of each of the different metallographic characteristics are consistent 
throughout the original plate length, but not through the length of the vessel. No indications were found 
that the length of the vessel had any impact on this anomaly. This indicates that these properties were 
introduced in the production of the plate and not during the production of the vessel, and most likely 
the spheroidized carbide anneal was the intended structure of the plate. 

7.3.1.3 Mechanical Properties 
The following are minimum values and ranges listed in the material specification. 

Table 7.3.1.3-1: 1146 Standard Material Properties, Minimums and Ranges (58), (60) 

 
 

Table 7.3.1.3-2 shows a compilation of mill certification values collected from vessels at MSFC. Compiling 
hundreds of certifications shows that the average mechanical values of the materials used meet the 
most stringent specifications and are well within the standard deviation. 

Table 7.3.1.3-2: 1146 Collected Mill Certification Values 

 
 

 
  

Material Thickness Yield Stress (ksi) Tensile Stress (ksi) Fracture Elongation (%)
AOS 1146a 0.18" ≤ t ≤ 0.375" 77 105-135 22
AOS 1146a 0.375" < t ≤ 0.580" 74 100-130 22
CB&I 1146 0.18" ≤ t ≤ 0.375" 83 105 22
CB&I 1146 0.375" < t ≤ 0.580" 75 100 22

Manufacturer Material
Average Yield 

Stess (ksi)
Yield Stress 

Std Dev (ksi)
Average Tensile 

Stress (ksi)
Tensile Stress 
Std Dev (ksi)

Average Fracture 
Elongation (%)

Fracture Elongation 
Std Dev (%)

A.O.Smith 1146a 88 5 115 7 29 3
CB&I 1146 90 3 117 5 30 3
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7.3.1.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens according to ASTM E8, 

“Standard Test Methods for Tension Testing of Metallic Materials” (51)using specimen design S-219 Rev 
A. The mechanical test frame consisted of a servo-hydraulic actuator and reaction frame. The frame 
used an LVDT for displacement feedback. Stress measurements were derived from load measurements 
and the initial specimen measurements. Strain measurements were derived from an extensometer and 
the initial specimen measurements. 

The results obtained from testing of 1146 samples taken from LPVs MV50466-8, V0023, V0032 
and V0125 are presented Table 7.3.1.3.1-1, Table 7.3.1.3.1-2, Table 7.3.1.3.1-3, and Table 7.3.1.3.1-4. A 
typical engineering stress-strain curve is shown in Figure 7.3.1.3.1-1. 
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Table 7.3.1.3.1-1: 1146 Smooth Tensile Data, Vessel MV50466-8 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

Location

440-79 23 T 95.1 70.7 16.9 Inner Layer
440-237 22 T 99.8 74.2 23.7 Inner Layer
440-239 22 T 99.6 74.1 21.6 Inner Layer
440-241 22 T 99.8 74.0 21.5 Inner Layer
440-80 22 T 93.6 70.2 19.0 Inner Layer

440-236 20 T 94.6 70.8 22.4 Inner Layer
440-238 20 T 95.1 72.1 22.7 Inner Layer
440-240 20 T 94.1 69.8 22.1 Inner Layer
440-145 2 T 88.1 61.0 29.8 Inner Layer
440-146 2 T 88.2 59.4 28.0 Inner Layer
440-143 -14 T 90.1 62.4 30.4 Inner Layer
440-144 -14 T 91.6 63.4 28.7 Inner Layer
440-141 -30 T 92.1 61.7 28.2 Inner Layer
440-142 -30 T 93.0 65.5 28.3 Inner Layer
440-81 -51 T 101.4 74.9 20.0 Inner Layer
440-82 -51 T 99.2 72.0 20.3 Inner Layer

440-139 -82 T 100.6 69.2 31.3 Inner Layer
440-140 -82 T 101.8 71.0 32.0 Inner Layer
440-137 -196 T 148.0 132.7 28.9 Inner Layer
440-138 -196 T 148.2 134.3 27.9 Inner Layer
440-105 21 L 121.3 96.6 22.4 Wrap Layer 5
440-106 21 L 116.9 96.5 20.0 Wrap Layer 5
440-107 21 L 119.6 97.1 N/A Wrap Layer 5
440-111 21 L 118.8 86.4 16.9 Wrap Layer 5
440-112 21 L 120.4 87.6 16.6 Wrap Layer 5
440-115 -51 L 128.8 92.4 N/A Wrap Layer 5
440-116 -51 L 125.9 89.9 16.9 Wrap Layer 5
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Table 7.3.1.3.1-2: 1146 Smooth Tensile Data, Vessel V0023 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

Location

519-7 21 L 124.0 92.0 20.5 C4-1  Layer 0B
519-8 21 L 123.4 90.9 20.0 C4-1  Layer 0B
519-9 21 L 122.6 89.9 20.6 C4-1  Layer 0B
519-1 27 T 125.9 93.8 17.6 C4-1  Layer 0B
519-2 27 T 126.3 94.5 17.5 C4-1  Layer 0B
519-3 27 T 126.3 94.1 17.9 C4-1  Layer 0B
519-10 21 T 121.4 91.6 19.0 C4-1  Layer 3B
519-11 21 T 121.1 90.9 18.3 C4-1  Layer 3B
519-12 21 T 121.4 91.5 19.9 C4-1  Layer 3B
519-4 27 L 121.7 90.1 23.1 C4-1  Layer 3B
519-5 27 L 120.7 89.4 23.2 C4-1  Layer 3B
519-6 27 L 120.1 89.6 23.3 C4-1  Layer 3B

519-150 21 T 95.5 68.4 25.3 C4-1 Layer 0A
519-151 21 T 97.5 71.4 24.9 C4-1 Layer 0A
519-152 21 T 100.0 72.3 24.6 C4-1 Layer 0A
519-153 21 L 98.2 69.8 28.4 C4-1 Layer 0A
519-154 21 L 96.9 68.2 28.9 C4-1 Layer 0A
519-155 21 L 97.4 70.2 27.9 C4-1 Layer 0A
519-276 -29 T 130.8 98.1 19.7 C4-2 0B
519-277 -29 T 139.4 104.2 17.5 C4-2 0B
519-274 0 T 134.0 100.3 17.8 C4-2 0B
519-275 0 T 139.5 104.1 19.7 C4-2 0B
519-272 21 T 131.7 99.0 17.5 C4-2 0B
519-273 21 T 132.3 98.6 18.3 C4-2 0B
519-278 21 L 133.0 100.1 19.4 C4-2 0B
519-279 21 L 131.8 98.7 19.9 C4-2 0B
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Table 7.3.1.3.1-3: 1146 Smooth Tensile Data, Vessel V0032 

 
 

 

Table 7.3.1.3.1-4: 1146 Smooth Tensile Data, Vessel V0125 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

Location

380-1 21 T 80.2 52.4 37.4 Inner Layer
380-2 21 T 80.8 45.3 33.8 Inner Layer

380-21 (33) 21 L 74.0 48.1 34.4 Inner Layer
380-22 (34) 21 L 74.5 49.1 35.5 Inner Layer

380-3 21 L 82.0 51.1 32.4 Inner Layer
380-4 21 L 82.1 53.3 29.9 Inner Layer

CP380-11-1A-13 (380-13) 21 L 76.6 50.8 32.3 Inner Layer
CP380-11-1A-14 (380-14) 21 L 77.1 50.8 32.5 Inner Layer

380-19 (31) 21 L 124.1 93.0 24.1 Wrap Layer 2
380-20 (32) 21 L 124.6 92.5 24.5 Wrap Layer 2

380-40 21 L 119.5 88.5 24.8 Wrap Layer 6
380-41 21 L 120.0 87.1 24.7 Wrap Layer 6

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

Location

CP344-3-49 25 L 122.6 93.3 16.8 Wrap Layer
CP344-3-25 24 L 122.6 89.4 16.8 Wrap Layer
CP344-3-37 24 L 128.8 94.5 17.3 Wrap Layer
CP344-3-38 24 L 124.9 90.8 17.4 Wrap Layer
CP344-3-50 24 L 122.2 94.5 17.1 Wrap Layer
CP344-3-24 24 L 122.6 90.4 17.4 Wrap Layer
CP344-3-26 -46 L 137.8 104.3 20.5 Wrap Layer
CP344-3-39 -46 L 136.8 97.6 20.4 Wrap Layer
CP344-4-61 21 L 130.3 97.1 19.6 Wrap Layer 1
CP344-4-62 21 L 128.8 96.9 19.1 Wrap Layer 1
CP344-4-63 21 L 130.3 97.0 18.4 Wrap Layer 1
CP344-4-64 21 L 129.9 97.3 19.1 Wrap Layer 1
CP344-4-65 21 L 133.0 98.7 18.0 Wrap Layer 1
CP344-4-66 21 L 129.0 96.7 19.6 Wrap Layer 1
CP344-4-67 21 L 133.1 99.0 18.6 Wrap Layer 1
CP344-4-68 21 T 133.1 97.6 14.1 Wrap Layer 1
CP344-4-69 21 T 132.7 97.8 13.9 Wrap Layer 1
CP344-4-71 21 T 133.7 98.9 14.7 Wrap Layer 1
CP344-4-72 21 T 132.7 99.9 15.0 Wrap Layer 1
CP344-4-73 21 T 132.4 97.6 14.8 Wrap Layer 1
CP344-4-74 21 T 132.4 99.0 14.7 Wrap Layer 1
CP344-4-75 21 T 134.3 100.8 15.0 Wrap Layer 1
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Figure 7.3.1.3.1-1: 1146 Smooth Specimen Tensile Plot for Sample 440-106 

7.3.1.3.2 Notch Tensile 
Notch tensile tests were not performed on this material. 

7.3.1.3.3 Fracture Properties 
All room temperature testing was performed per ASTM E1820 (10). All other temperatures were 

tested per ASTM E1921 (7). Testing for both standards use specimen design S-226 Rev B, with the 
thickness machined to maximum allowable thickness. All 1146 fracture tests came from vessels V0125, 
V0032, MV50466-8, and V0023 and were tested with the crack plane in the T-L and L-T orientations as 
defined by ASTM. The specimens used were ASTM E1820 compact specimens (C(T)) with W = 1.0 inches 
and 0.2 inches ≤ B ≤ 0.375 inches, a/W = 2.0, and all specimens were side grooved to a total thickness 
reduction of 20%. The cutting diagram used to remove the C(T) specimens from the MV50466-8 wrapper 
is shown in Figure 7.3.1.3.3-3. Examples of Load Versus COD and Jq Versus Δa plots are shown in Figure 
7.3.1.3.3-1 and Figure 7.3.1.3.3-2. 
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Figure 7.3.1.3.3-1: 1146 Load Versus COD Plot, Sample 440-87 
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Figure 7.3.1.3.3-2: 1146 Jq Versus Δa Plot, Sample 440-87 
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Figure 7.3.1.3.3-3: Cut Plan for MV50466-8 Fracture Specimens 

 

The test data in Table 7.3.1.3.3-1 are raw values obtained from fracture tests conducted on 
V0125 1146 wrap layer material. Test results that are considered upper shelf are listed under ASTM 
E1820, while transition temperature test results are listed under E1921. Tests that meet the complete 
validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq 
convey valuable fracture toughness information, especially when the test results are applied directly to 
the sample material source. 
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Table 7.3.1.3.3-1: V0125 1146 Wrapper Fracture Data 

 
 

Results from the 17 E1921 tests are presented in Table 7.3.1.3.3-2 and summarized in Table 
7.3.1.3.3-3. These results were obtained using the T0TEM code described in Section 4.2. The T0 reference 
temperature for this data set was evaluated as -13°C using the E1921 Master Curve shown in Figure 
7.3.1.3.3-4. 

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

CP344-4-7 24 T-L 0.9998 0.5624 0.6316 0.2332 0.1843 41 96 --- E1820
CP-344-3-18 23 T-L 0.9975 0.5963 0.6779 0.1877 0.1470 36 90 --- E1820
CP-344-3-19 23 T-L 0.9975 0.6010 0.6573 0.1876 0.1425 31 83 --- E1820
CP-344-3-31 22 T-L 0.9979 0.6053 0.7002 0.1881 0.1425 39 94 --- E1820
CP-344-3-44 22 T-L 0.9990 0.6010 0.6835 0.1888 0.1440 40 95 --- E1820
CP344-4-10 21 L-T 0.9997 0.5457 0.6515 0.2363 0.1829 131 171 --- E1820
CP344-4-8 21 T-L 0.9992 0.5600 0.6332 0.2335 0.1841 34 87 --- E1820
CP344-4-9 21 L-T 1.0005 0.5539 0.6364 0.2360 0.1854 127 168 --- E1820

CP344-4-16 0 T-L 1.0007 0.5585 0.8512 0.1985 0.1566 38 92 68 E1921
CP344-4-11 -29 T-L 1.0008 0.5493 0.9515 0.1968 0.1524 46 102 74 E1921
CP344-4-12 -46 T-L 0.9998 0.5563 0.6000 0.1962 0.1539 41 96 70 E1921
CP344-4-13 -46 T-L 1.0003 0.5440 0.7422 0.1993 0.1502 44 99 73 E1921
CP344-4-15 -51 T-L 1.0011 0.5570 0.5672 0.1978 0.1582 31 83 62 E1921
CP344-4-29 -51 T-L 1.0005 0.6108 0.6194 0.2453 0.1885 24 74 58 E1921
CP344-4-32 -51 T-L 1.0008 0.5563 0.6074 0.2435 0.1956 43 98 75 E1921
CP344-4-33 -51 T-L 1.0016 0.5534 0.5713 0.2435 0.1958 33 86 66 E1921
CP344-4-34 -51 T-L 1.0009 0.5570 0.5656 0.2440 0.1946 31 83 64 E1921
CP344-4-35 -51 T-L 1.0021 0.5854 0.5908 0.2442 0.1880 24 74 58 E1921
CP344-4-49 -51 T-L 0.9992 0.5432 0.5432 0.1910 0.1501 16 60 47 E1921
CP344-4-50 -51 T-L 0.9983 0.5440 0.5529 0.1906 0.1486 28 80 59 E1921
CP344-4-52 -51 T-L 0.9990 0.5421 0.5487 0.1901 0.1520 28 80 59 E1921
CP344-4-14 -52 T-L 1.0016 0.5691 0.5764 0.1995 0.1596 25 74 56 E1921
CP344-4-30 -52 T-L 1.0005 0.5650 0.5819 0.2450 0.1886 43 98 75 E1921
CP344-4-48 -52 T-L 1.0000 0.5824 0.6095 0.1901 0.1496 36 90 66 E1921
CP344-4-51 -52 T-L 0.9975 0.5437 0.5437 0.1905 0.1502 20 67 51 E1921
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Figure 7.3.1.3.3-4: V0125 1146 Wrapper Layer T0 Plot (T0 = -13°C) 
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Table 7.3.1.3.3-2: V0125 1146 Wrapper Layer T0 Individual Specimen Results 

 
 

 

Table 7.3.1.3.3-3: V0125 1146 Wrapper Layer T0 Calculation Results 

 
 

The following test data are raw values obtained from fracture tests conducted on V0032 1146 
wrap and inner layer material. Test results that are considered upper shelf are listed under ASTM E1820, 
while transition temperature test results are listed under E1921. Tests that meet the complete validity 
requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq convey 
valuable fracture toughness information, especially when the test results are applied directly to the 
sample material source. Tests on V0032 1146 wrapper material were only conducted for upper shelf 
temperatures, therefore no transition temperature was determined. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

CP344-4-11 -29 101.6 74.4 0 -16
CP344-4-12 -46 95.8 70.5 0 -32
CP344-4-13 -46 99.5 73.1 0 -33
CP344-4-14 -52 74.1 56.2 1 -39
CP344-4-15 -51 83.2 62.1 1 -38
CP344-4-16 0 92.3 68.3 0 13
CP344-4-29 -51 73.5 57.7 1 -38
CP344-4-30 -52 98.2 75.0 1 -39
CP344-4-32 -51 98.0 74.8 0 -38
CP344-4-33 -51 86.1 66.4 1 -38
CP344-4-34 -51 83.2 64.4 1 -38
CP344-4-35 -51 73.7 57.8 1 -38
CP344-4-48 -52 89.9 66.1 0 -39
CP344-4-49 -51 60.3 46.7 1 -38
CP344-4-50 -51 79.7 59.4 1 -38
CP344-4-51 -52 67.0 51.1 1 -39
CP344-4-52 -51 79.5 59.3 1 -38

Initial T0 (°C) -13
Total Samples 17

Samples within T0 ± 50°C (N) 17
Number of Uncensored Data (r) 11

Poisson's Ratio 0.3
Σ(ri ni) 1.38

Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 11

T0scrn (°C) -8
Homogenous or Inhomogeneous Homogenous
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Table 7.3.1.3.3-4: V0125 1146 Wrapper Layer T0 Calculation Results 

 
 

 

Table 7.3.1.3.3-5: V0032 Inner Layer 1146 Fracture Data 

 
 

 

Results from the 12 E1921 tests are presented in Table 7.3.1.3.3-6 and Table 7.3.1.3.3-7. These 
results were obtained using the T0TEM code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -52°C using the E1921 Master Curve shown in Figure 7.3.1.3.3-5. 

 

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

380-192 21 T-L 0.9985 0.5283 0.6339 0.2283 0.1826 29 80 --- E1820
380-193 21 T-L 1.0012 0.5953 0.7085 0.2266 0.1845 30 81 --- E1820
380-194 21 L-T 1.0002 0.5136 0.5890 0.2266 0.1801 123 166 --- E1820
380-195 21 L-T 0.9998 0.5255 0.5910 0.2267 0.1795 120 164 --- E1820

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

380-11-1A-11 24 L-T 1.0013 0.5480 0.5884 0.4670 0.3700 232 228 --- E1820
380-11-1A-10 24 L-T 1.0006 0.6556 0.7468 0.4573 0.3600 230 227 --- E1820
380-11-1A-9 23 L-T 1.0003 0.6515 0.7413 0.3030 0.2349 248 236 --- E1820

380-8 26 T-L 1.0018 0.5697 0.6758 0.4258 0.3588 88 140 --- E1820
380-7 21 T-L 1.0014 0.5571 0.6602 0.4250 0.3596 88 141 --- E1820
380-6 19 T-L 1.0034 0.5667 0.7328 0.4250 0.3519 87 140 --- E1820
380-9 -28 T-L 1.0014 0.5697 0.6170 0.4585 0.3628 17 61 54 E1921

380-12 -29 T-L 1.0014 0.5604 0.6271 0.4588 0.3670 46 101 87 E1921
380-10 -29 T-L 1.0007 0.5449 0.5891 0.4590 0.3617 36 90 77 E1921
380-15 -31 T-L 1.0016 0.5300 0.5790 0.4583 0.3664 177 199 167 E1921
380-16 -31 T-L 1.0009 0.5481 0.5481 0.4578 0.3611 119 163 138 E1921
380-35 -31 T-L 1.0001 0.5593 0.6280 0.4578 0.3605 222 223 177 E1921
380-36 -31 T-L 0.9989 0.5502 0.5955 0.4590 0.3576 162 190 160 E1921
380-37 -31 T-L 0.9988 0.5467 0.5588 0.4558 0.3574 89 141 120 E1921
380-38 -31 T-L 1.0005 0.5486 0.5540 0.4562 0.3569 85 137 117 E1921
380-39 -31 T-L 0.9999 0.5450 0.5665 0.4557 0.3563 139 176 149 E1921
380-13 -57 T-L 1.0000 0.5537 0.5537 0.4587 0.3669 21 68 60 E1921
380-14 -57 T-L 1.0021 0.5482 0.5482 0.4588 0.3645 21 68 60 E1921
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Figure 7.3.1.3.3-5: V0032 Inner Layer T0 Plot (T0 = -52°C) 
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Table 7.3.1.3.3-6: V0032 Inner Layer T0 Plot (T0 = -52°C) 

 
 

  

Table 7.3.1.3.3-7: V0032 Inner Layer 1146 T0 Calculation Results 

 
 

For the V0032 inner layer, the listing of inhomogeneous is a result of having too few valid 
specimens to allow assessment of the data set as truly homogenous. 

The test data in Table 7.3.1.3.3-8 are raw values obtained from fracture tests conducted on 
MV50466-8 1146 inner layer material. Test results that are considered upper shelf are listed under 
ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet the 
complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite 
invalidities, Jq and KJq convey valuable fracture toughness information, especially when the test results 
are applied directly to the sample material source. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-10 -29 89.6 77.3 0 22
380-12 -29 101.5 87.0 0 23
380-13 -57 68.1 59.6 1 -5
380-14 -57 68.2 59.7 1 -5
380-15 -31 198.7 137.7 0 21
380-16 -31 163.1 137.7 1 21
380-9 -28 61.2 53.9 0 24
380-35 -31 222.8 137.7 0 21
380-36 -31 190.0 137.7 0 21
380-37 -31 141.2 119.6 1 21
380-38 -31 137.5 116.5 1 21
380-39 -31 176.5 145.0 0 21

Initial T0 (°C) -52
Total Samples 12
Samples within T0 ± 50°C (N) 12
Number of Uncensored Data (r) 5
Poisson's Ratio 0.3
Σ(ri ni) 0.83
Samples Between Ti - T0 50 to -14 °C 5
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -40
Homogenous or Inhomogeneous Inhomogeneous
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Table 7.3.1.3.3-8: V50466-8 1146 Inner Layer Fracture Data 

 
 

Results from the 31 E1921 tests are presented in Table 7.3.1.3.3-9 and Table 7.3.1.3.3-10. These 
results were obtained using the T0TEM code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -44°C using the E1921 master curve shown in Figure 7.3.1.3.3-6. Given the 
number of specimens tested, the material was able to be properly characterized as macroscopically 
inhomogeneous with a 91% confidence in multimodal inhomogeneity. This gives a multimodal transition 
temperature of Tm = -38°C. The multimodal master curve and confidence bounds are shown in Figure 
7.3.1.3.3-7. 

 

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

440-4 23 L-T 0.9999 0.4992 0.5822 0.3754 0.2985 164 192 --- E1820
440-7 23 L-T 1.0008 0.4999 0.5588 0.3756 0.2987 159 189 --- E1820
440-9 23 L-T 1.0009 0.5043 0.5539 0.3751 0.2962 145 180 --- E1820
440-1 22 L-T 1.0000 0.5048 0.5634 0.3756 0.3010 162 191 --- E1820
440-3 22 L-T 0.9990 0.5284 0.5735 0.3739 0.2955 133 173 --- E1820
440-8 22 L-T 0.9999 0.5014 0.5587 0.3751 0.2979 173* 197 --- E1820

440-90 22 L-T 0.9998 0.4991 0.5354 0.2354 0.1898 138 175 --- E1820
440-91 22 L-T 0.9999 0.4931 0.5277 0.2338 0.1936 195 209 --- E1820
440-5 23 T-L 0.9998 0.4994 0.5589 0.3748 0.2975 60 116 --- E1820

440-11 23 T-L 1.0020 0.5027 0.5908 0.3751 0.2955 64 120 --- E1820
440-2 22 T-L 0.9998 0.5031 0.5979 0.3742 0.2943 60 115 --- E1820

440-10 22 T-L 1.0011 0.5094 0.6042 0.3754 0.2982 58 114 --- E1820
440-12 22 T-L 1.0002 0.4947 0.5915 0.3757 0.2982 65 120 --- E1820
440-6 22 T-L 1.0002 0.4952 0.5936 0.3755 0.2956 74 129 --- E1820

440-88 22 T-L 0.9996 0.4937 0.5618 0.2380 0.1909 43 98 --- E1820
440-87 21 T-L 0.9997 0.4909 0.5556 0.2359 0.1913 40 95 --- E1820
440-132 2 T-L 0.9997 0.4997 0.5764 0.3559 0.2863 67 122 --- E1820
440-133 2 T-L 0.9997 0.4935 0.5420 0.3565 0.2848 69 124 --- E1820
440-134 2 T-L 0.9999 0.4956 0.5616 0.3756 0.3016 73 127 --- E1820
440-135 2 T-L 1.0002 0.4891 0.5520 0.3566 0.2863 82 135 --- E1820
440-127 -14 T-L 0.9994 0.4940 0.5760 0.3568 0.2856 62 118 96 E1921
440-128 -14 T-L 1.0001 0.4891 0.5552 0.3561 0.2854 67 123 99 E1921
440-148 -29 T-L 0.9951 0.4883 0.4969 0.3766 0.3005 61 117 96 E1921
440-149 -30 T-L 0.9974 0.4939 0.5556 0.3758 0.3010 51 107 88 E1921
440-71 -45 T-L 0.9992 0.4955 0.5001 0.3787 0.3074 38 93 77 E1921
440-72 -45 T-L 0.9993 0.4985 0.5043 0.3797 0.3054 52 108 89 E1921
440-69 -46 T-L 0.9994 0.4956 0.4959 0.3787 0.3063 27 78 65 E1921
440-70 -46 T-L 0.9993 0.4985 0.5019 0.3786 0.3017 46 101 84 E1921
440-73 -46 T-L 0.9989 0.5030 0.5095 0.3790 0.3066 62 118 97 E1921
440-74 -46 T-L 0.9982 0.5030 0.5205 0.3785 0.3032 88 140 114 E1921
440-150 -47 T-L 0.9994 0.4879 0.5531 0.3768 0.3000 67 122 100 E1921
440-151 -47 T-L 0.9958 0.4863 0.5503 0.3751 0.3000 61 117 96 E1921
440-158 -49 T-L 0.9988 0.5044 0.5624 0.3769 0.3000 49 105 86 E1921
440-157 -50 T-L 0.9966 0.4862 0.5377 0.3765 0.2970 73 128 105 E1921
440-66 -50 T-L 0.9997 0.4992 0.5002 0.3788 0.3048 21 68 58 E1921
440-67 -51 T-L 0.9984 0.4996 0.5009 0.3794 0.3050 27 78 65 E1921
440-65 -51 T-L 0.9981 0.5711 0.5723 0.3795 0.3037 20 67 57 E1921
440-75 -51 T-L 0.9999 0.5107 0.5118 0.3785 0.3014 33 85 71 E1921
440-76 -51 T-L 0.9988 0.4976 0.4976 0.3785 0.3021 16 59 51 E1921
440-136 -65 T-L 0.9992 0.4890 0.5460 0.3558 0.2865 79 133 107 E1921
440-153 -81 T-L 0.9935 0.5222 0.5262 0.3763 0.2993 18 64 54 E1921
440-147 -82 T-L 0.9941 0.5136 0.5160 0.3770 0.2981 18 63 54 E1921
440-152 -82 T-L 0.9883 0.5141 0.5141 0.3765 0.2999 15 58 50 E1921
440-156 -82 T-L 0.9880 0.4923 0.4947 0.3766 0.2840 23 71 60 E1921
440-118 -82 T-L 1.0006 0.5203 0.5322 0.3563 0.2866 67 122 99 E1921
440-119 -82 T-L 0.9991 0.5201 0.5407 0.3561 0.2860 99 149 119 E1921
440-120 -82 T-L 0.9998 0.5060 0.5072 0.3563 0.2841 36 89 73 E1921
440-154 -82 T-L 0.9977 0.5170 0.5211 0.3745 0.2997 14 56 48 E1921
440-159 -82 T-L 0.9947 0.5486 0.5754 0.3671 0.2910 55 111 91 E1921
440-130 -196 T-L 0.9995 0.5099 0.5099 0.3755 0.3000 2 19 19 E1921
440-131 -196 T-L 1.0004 0.5199 0.5199 0.3546 0.2850 2 22 22 E1921
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Figure 7.3.1.3.3-6: MV50466-8 1146 Inner Layer Fracture Data 
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Table 7.3.1.3.3-9: MV50466-8 1146 Inner Layer T0 Individual Specimen Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

440-65 -51 67.0 56.9 1 -8
440-66 -51 67.8 57.5 1 -7
440-67 -51 77.9 65.4 1 -8
440-69 -46 77.8 65.3 1 -2
440-70 -46 101.3 83.7 1 -2
440-71 -45 92.7 77.0 1 -1
440-72 -45 108.2 89.2 1 -1
440-73 -46 118.2 97.0 1 -2
440-74 -46 140.4 114.4 1 -2
440-75 -51 85.3 71.2 1 -8
440-76 -51 59.5 51.0 1 -8

440-127 -14 117.9 95.7 0 30
440-128 -14 122.7 99.3 0 30
440-136 -65 133.1 107.3 0 -21
440-147 -82 63.7 54.2 1 -38
440-148 -29 116.8 95.8 1 14
440-149 -30 106.8 88.0 0 14
440-150 -47 122.2 100.1 0 -3
440-151 -47 116.6 95.6 0 -4
440-152 -82 58.5 50.2 1 -38
440-153 -81 63.7 54.2 1 -38
440-154 -82 55.7 47.9 1 -39
440-156 -82 71.0 60.0 1 -38
440-157 -50 128.0 104.6 0 -6
440-158 -49 104.5 86.2 0 -5
440-159 -82 111.0 90.8 0 -39
440-130 -196 19.2 19.4 1 -152
440-131 -196 21.9 21.5 1 -152
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Table 7.3.1.3.3-10: MV50466-8 1146 Inner Layer T0 Calculation Results 

 
 

 

 
Figure 7.3.1.3.3-7: MV50466-8 1146 Inner Layer Multimodal Tm Plot (Tm = -38 °C) 

 

Initial T0 (°C) -44
Total Samples 28
Samples within T0 ± 50°C (N) 26
Number of Uncensored Data (r) 17
Poisson's Ratio 0.3
Σ(ri ni) 2.63
Samples Between Ti - T0 50 to -14 °C 12
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 5
T0scrn (°C) -25
Homogenous or Inhomogeneous Inhomogeneous
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Table 7.3.1.3.3-11: MV50466-8 1146 Inner Layer Multimodal Tm Calculation Results 

 
 

The multimodal Tm value moves the transition temperature 6°C higher and expands the 
confidence bounds to more accurately reflect the composition of the data set. 

The test data in Table 7.3.1.3.3-12 are raw values obtained from fracture tests conducted on 
MV50466-8 1146 wrap layer material. Test results that are considered upper shelf are listed under ASTM 
E1820, while transition temperature test results are listed under E1921. Tests that meet the complete 
validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq 
convey valuable fracture toughness information, especially when the test results are applied directly to 
the sample material source. 

Table 7.3.1.3.3-12: MV50466-8 1146 Wrapper Layer Fracture Data 

 
 

 

Tm (°C) -38
σTm (°C) 22
Multimodal Homogeneity Inhomogeneous
Multimodal Confidence 91
Number of samples within Tm ± 50 °C 26

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

440-100 -51 T-L 1.0011 0.4919 0.4949 0.2314 0.1839 23 72 56 E1921
440-101 -51 T-L 1.0014 0.4923 0.4978 0.2319 0.1877 16 59 47 E1921
440-102 -51 T-L 1.0008 0.4887 0.4975 0.2320 0.1874 46 101 76 E1921
440-103 -51 T-L 1.0016 0.4915 0.4984 0.2317 0.1870 35 89 68 E1921
440-104 -51 T-L 1.0012 0.4913 0.4960 0.2315 0.1839 13 55 44 E1921
440-93 -50 T-L 1.0012 0.4958 0.4974 0.2317 0.1869 27 78 60 E1921
440-94 -50 T-L 1.0007 0.4921 0.5013 0.2320 0.1864 45 100 76 E1921
440-95 -50 T-L 1.0012 0.4911 0.4945 0.2314 0.1861 34 87 66 E1921
440-96 -50 T-L 1.0009 0.4926 0.5012 0.2306 0.1850 41 96 73 E1921
440-97 -50 T-L 1.0014 0.4971 0.5003 0.2307 0.1880 37 90 69 E1921
440-98 -50 T-L 1.0014 0.4939 0.4951 0.2318 0.1854 34 87 66 E1921
440-99 -50 T-L 1.0011 0.4929 0.4963 0.2317 0.1802 28 79 61 E1921
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Figure 7.3.1.3.3-8: MV50466-8 1146 Wrapper Layer T0 Plot (T0 = -9°C) 
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Table 7.3.1.3.3-13: MV50466-8 1146 Wrapper Layer T0 Individual Specimen Results 

 
 

 

Table 7.3.1.3.3-14: MV50466-8 1146 Wrapper Layer T0 Calculation Results 

 
 

 

As noted in Table 7.3.1.2-1, the initial discovery of variation in a single inner layer plate was 
revealed during a hardness trace of the longitudinal weld found in Section C4-1. Down select tests were 
conducted on the respective sides of the weld. From Table 7.3.1.2-1, the A side demonstrated low 
hardness values, while the B side demonstrated high hardness values. Table 7.3.1.3.3-15 shows the 
difference in toughness at these two locations, as well as the difference in orientation. The results 
confirm that the plate orientation is consistently weakest in the T-L direction, however the KJq is an 
average of 36 Mpa√m higher for the A side with lower hardness. These tests confirm that the plate itself 
has varying property values in accordance with the hardness. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

440-93 -50 78.0 60.2 1 -41
440-94 -50 100.2 75.7 1 -41
440-95 -50 86.8 66.3 1 -41
440-96 -50 96.1 72.7 1 -41
440-97 -50 90.4 68.8 1 -41
440-98 -50 86.8 66.4 1 -41
440-99 -50 79.0 60.9 1 -41

440-100 -51 72.3 56.2 1 -41
440-101 -51 59.4 47.3 1 -41
440-102 -51 101.0 76.2 1 -41
440-103 -51 88.8 67.8 1 -41
440-104 -51 54.6 44.0 1 -41

Initial T0 (°C) -9
Total Samples 12
Samples within T0 ± 50°C (N) 12
Number of Uncensored Data (r) 12
Poisson's Ratio 0.3
Σ(ri ni) 1.5
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 12
T0scrn (°C) -9
Homogenous or Inhomogeneous Homogenous
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Table 7.3.1.3.3-15: V0023 1146 Inner Layer C4-1 0A and 0B Fracture Data 

 
 

As noted in Table 7.3.1.2-1, some sections of the inner layer of vessel V0023 displayed 
inconsistent hardness levels around the circumference of the vessel. Section C3-1 0B was tested in order 
to confirm a mechanical (fracture) property difference in the area where lower hardness values were 
seen. The results are shown in Table 7.3.1.3.3-16. As a result of this, a separate T0 curve was created in 
Figure 7.3.1.3.3-9 to describe the areas of lower hardness, with a transition temperature of T0 = -100°C. 

Table 7.3.1.3.3-16: V0023 1146 Inner Layer C3-1 0B Fracture Data 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard
Location

519-13 22 L-T 1.0045 0.5242 0.5274 0.3747 0.2987 63 119 --- E1820 C4-1  Layer 0B
519-14 24 L-T 1.0043 0.5331 0.5400 0.3752 0.3002 74 129 --- E1820 C4-1  Layer 0B
519-15 22 T-L 0.9819 0.5462 0.5496 0.3747 0.2978 40 95 --- E1820 C4-1  Layer 0B
519-16 27 T-L 1.0036 0.5322 0.5366 0.3170 0.2551 27 78 --- E1820 C4-1  Layer 0B
519-144 21 L-T 1.0011 0.5207 0.6049 0.3723 0.3160 166 193 --- E1820 C4-1  Layer 0A
519-145 21 L-T 1.0016 0.5147 0.5949 0.3744 0.3160 141 177 --- E1820 C4-1  Layer 0A
519-146 21 L-T 1.0012 0.5229 0.5817 0.3745 0.3197 149 182 --- E1820 C4-1  Layer 0A
519-147 19 T-L 1.0011 0.5133 0.5879 0.3345 0.2780 68 123 --- E1820 C4-1  Layer 0A
519-148 21 T-L 1.0016 0.5148 0.5907 0.3403 0.2843 81 135 --- E1820 C4-1  Layer 0A
519-149 21 T-L 1.0012 0.5228 0.6095 0.3383 0.2855 61 117 --- E1820 C4-1  Layer 0A

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

519-168 -40 T-L 1.0000 0.5270 0.6450 0.3750 0.2990 123 166 --- E1820
519-170 -60 T-L 1.0000 0.5310 0.6000 0.3750 0.2990 135 174 --- E1820
519-171 -90 T-L 1.0010 0.5270 0.5700 0.3740 0.3010 104 153 124 E1921
519-169 -100 T-L 1.0000 0.5320 0.5530 0.3760 0.2990 83 136 111 E1921
519-172 -100 T-L 0.9990 0.5330 0.5530 0.3740 0.3000 83 136 111 E1921
519-173 -110 T-L 1.0000 0.5300 0.5300 0.3760 0.3000 44 99 82 E1921
519-174 -110 T-L 1.0000 0.5270 0.5370 0.3750 0.3000 62 118 96 E1921
519-175 -110 T-L 1.0010 0.5290 0.5530 0.3740 0.2990 87 140 113 E1921
519-176 -110 T-L 0.9990 0.5410 0.5410 0.3760 0.2990 41 96 79 E1921
519-177 -110 T-L 1.0010 0.5270 0.5270 0.3750 0.2990 26 76 64 E1921
519-178 -110 T-L 0.9900 0.5250 0.5250 0.3760 0.2990 29 80 67 E1921
519-179 -110 T-L 1.0000 0.5320 0.5420 0.3770 0.2990 52 108 89 E1921
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Figure 7.3.1.3.3-9: V0023 1146 Inner Layer C3-1 0B T0 Plot (T0 = -100°C) 
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Table 7.3.1.3.3-17: V0023 1146 Inner Layer C3-1 0B T0 Individual Specimen Results 

 
 

Table 7.3.1.3.3-18: V0023 1146 Inner Layer C3-1 0B T0 Calculation Results 

 
 

Section C4-2 0B was tested in order to confirm a mechanical property difference in the area 
where higher hardness values were seen. As a result of this, a separate T0 curve was created in Figure 
7.3.1.3.3-10 to describe the areas with higher hardness, with a transition temperature of T0 = 61°C. The 
results are shown in Table 7.3.1.3.3-19. 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

519-168 -40 165.9 111.0 0 60
519-169 -100 136.3 111.0 1 0
519-170 -60 173.6 111.0 0 40
519-171 -90 152.7 111.0 0 10
519-172 -100 136.3 110.9 1 0
519-173 -110 98.9 81.8 1 -10
519-174 -110 117.6 96.4 1 -10
519-175 -110 139.6 111.0 0 -10
519-176 -110 95.6 79.2 1 -10
519-177 -110 75.8 63.7 1 -10
519-178 -110 80.2 67.2 1 -10
519-179 -110 107.7 88.7 1 -10

Initial T0 (°C) -100
Total Samples 12
Samples within T0 ± 50°C (N) 11
Number of Uncensored Data (r) 8
Poisson's Ratio 0.3
Σ(ri ni) 1.33
Samples Between Ti - T0 50 to -14 °C 8
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -96
Homogenous or Inhomogeneous Homogenous
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Table 7.3.1.3.3-19: V0023 1146 Inner Layer C4-2 0B Fracture Data 

 
 

 

 
Figure 7.3.1.3.3-10: V0023 1146 Inner Layer C4-2 0B T0 Plot (T0 = 61°C) 

 

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

519-260 23 T-L 1.0002 0.5212 0.5253 0.3747 0.2967 40 95 79 E1921
519-261 23 T-L 1.0010 0.5259 0.5285 0.3737 0.2988 30 82 68 E1921
519-262 23 T-L 1.0011 0.5158 0.5179 0.3730 0.2958 27 78 65 E1921
519-263 23 T-L 1.0013 0.5354 0.5368 0.3737 0.2979 23 72 61 E1921
519-264 23 T-L 1.0014 0.5200 0.5219 0.3728 0.2964 27 77 65 E1921
519-265 23 T-L 1.0005 0.5281 0.5339 0.3710 0.2985 34 87 72 E1921
519-266 23 T-L 1.0013 0.5251 0.5273 0.3740 0.3006 31 84 70 E1921
519-267 23 T-L 1.0011 0.5237 0.5268 0.3733 0.2961 26 76 64 E1921
519-270 21 L-T 1.0003 0.5306 0.5370 0.3740 0.3055 76 131 107 E1921
519-271 21 L-T 1.0006 0.5359 0.5362 0.3743 0.3080 20 67 57 E1921
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Table 7.3.1.3.3-20: V0023 1146 Inner Layer C4-2 0B T0 Individual Specimen Results 

 
 

 

Table 7.3.1.3.3-21: V0023 1146 Inner Layer C4-2 0B T0 Calculation Results 

 
 

The test data in Table 7.3.1.3.3-22 are raw values obtained from fracture tests conducted on 
V0023 1146 wrap layer material. Test results that are considered upper shelf are listed under ASTM 
E1820, while transition temperature test results are listed under E1921. Tests that meet the complete 
validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq 
convey valuable fracture toughness information, especially when the test results are applied directly to 
the sample material source. No E1921 tests were conducted on the V0023 wrapper material and as such 
there is not associated T0 or Master Curve.  

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

519-260 23 95.0 78.6 1 -38
519-261 23 81.5 68.1 1 -38
519-262 23 77.7 65.1 1 -38
519-263 23 71.9 60.6 1 -38
519-264 23 77.0 64.5 1 -38
519-265 23 86.6 72.0 1 -38
519-266 23 83.6 69.7 1 -38
519-267 23 76.1 63.9 1 -38

Initial T0 (°C) 61
Total Samples 8
Samples within T0 ± 50°C (N) 8
Number of Uncensored Data (r) 8
Poisson's Ratio 0.3
Σ(ri ni) 1
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 8
T0scrn (°C) 61
Homogenous or Inhomogeneous Homogenous
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Table 7.3.1.3.3-22: V0023 1146 Wrapper Layer Fracture 

 
 

Figure 7.3.1.3.3-11 shows the combined Master Curves of the 1146 material test lots plotted 
against each other. Each curve is terminated at the apparent upper shelf value of the material. With 
many of these lots, the upper shelf value itself is below the 100 Mpa√m evaluation level set for T0. This 
presents a unique issue as the lots have a low transition temperature, but do not exhibit the commonly 
expected high upper shelf KJ value.  

Specimen ID Test Temp. 
(°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)
ASTM 

Standard

519-20 27 L-T 1.0044 0.5337 0.5916 0.2624 0.2096 105 153 --- E1820
519-19 22 L-T 1.0046 0.5291 0.5867 0.2623 0.2115 137 175 --- E1820
519-125 21 L-T 0.9998 0.4603 0.5915 0.2688 0.2261 172 196 --- E1820
519-124 21 L-T 1.0010 0.4609 0.6079 0.2692 0.2240 197 210 --- E1820
519-18 27 T-L 1.0041 0.5242 0.5857 0.2627 0.2101 47 102 --- E1820
519-17 22 T-L 1.0047 0.5420 0.6390 0.2626 0.2100 39 93 --- E1820
519-121 21 T-L 1.0021 0.4621 0.5386 0.2688 0.2223 31 83 --- E1820
519-122 21 T-L 1.0012 0.4612 0.6156 0.2698 0.2242 43 98 --- E1820
519-123 21 T-L 1.0020 0.4623 0.6325 0.2694 0.2312 30 82 --- E1820
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Figure 7.3.1.3.3-11: 1146 Combined T0 Plots 

7.3.1.3.4 Fatigue Crack Growth  
Sections of V0023 were tested to determine the fatigue crack growth rates according to ASTM 

E647 (11). Load ratios of R = 0.1 and R = 0.7 were chosen corresponding to load cycles associated with 
slight pressure variations and nearly full pressure releases of the LPVs. These tests were conducted on 
the wrapper material, the soft inner (0A) and the hard inner (0B) material as shown in Figure 7.3.1.2-1. 
Table 7.3.1.3.4-1 and Table 7.3.1.3.4-2 show the test matrix and threshold result of each E647 test 
conducted. The individual fatigue growth curves are shown in Figure 7.3.1.3.4-1 through Figure 
7.3.1.3.4-12. These curves are input into NASGRO to create material data packages used for structural 
analysis and crack growth prediction. 
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Table 7.3.1.3.4-1: V0023 da/dN Test Matrix  
 

 
 

 

Table 7.3.1.3.4-2: V0023 da/dN Results 
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Figure 7.3.1.3.4-1: V0023-0A-1A/1B Plot R = 0.1 
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Figure 7.3.1.3.4-2: V0023-0A-2A/2B Plot R = 0.1 
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Figure 7.3.1.3.4-3: V0023-0A-3A/3B Plot R = 0.7 
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Figure 7.3.1.3.4-4: V0023-0A-4A/4B Plot R = 0.7 
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Figure 7.3.1.3.4-5: V0023-0B-1A/1B Plot R=0.1 
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Figure 7.3.1.3.4-6: V0023-0B-2A/2B Plot R =0.1 
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Figure 7.3.1.3.4-7: V0023-0B-3A/3B Plot R = 0.7 
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Figure 7.3.1.3.4-8: V0023-0B-4A/4B Plot R = 0.7 
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Figure 7.3.1.3.4-9: V0023-2A-1A/1B Plot R = 0.1 
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Figure 7.3.1.3.4-10: V0023-2A-2A/2B Plot R = 0.1 
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Figure 7.3.1.3.4-11: V0023-2A-3A/3B Plot R = 0.7 
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Figure 7.3.1.3.4-12: V0023-2A-4A/4B Plot R = 0.7 

7.3.1.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 
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7.3.2 1143 
1143 is a commonly used steel in LPVs constructed in the early 1960s. It is typically used as an 

inner shell material. All NASA LPVs containing 1143 (59) were constructed by CB&I.  

7.3.2.1 Chemical Composition 
Table 7.3.2.1-1 provides the chemistry listed in the material specification. 

Table 7.3.2.1-1: CB&I 1143 Material Chemistry Specification (59) 

 
 

Table 7.3.2.1-2 provides chemistry data collected from mill certifications of LPVs at MSFC. CB&I 
was the manufacturer of all LPVs investigated. 

Table 7.3.2.1-2: Manufacturer Mill Certification Chemistry  

 
 

 

Melt/Heat Cert Origin C Mn P S Si Ni V
35L429 US Steel 0.22 1.43 0.013 0.029 0.31 0.58 0.15
58L144 US Steel 0.23 1.42 0.018 0.023 0.25 0.55 0.17
69L332 US Steel 0.23 1.48 0.011 0.018 0.32 0.68 0.13
N14159 US Steel 0.23 1.38 0.01 0.015 0.22 0.57 0.15
82L709 US Steel 0.22 1.32 0.015 0.023 0.22 0.55 0.14
58L393 US Steel 0.23 1.29 0.012 0.022 0.24 0.6 0.15
581416 US Steel 0.22 1.4 0.013 0.021 0.23 0.53 0.14
58L144 US Steel 0.23 1.42 0.018 0.023 0.25 0.55 0.17
58L393 US Steel 0.23 1.29 0.012 0.022 0.24 0.6 0.15
N52335 US Steel 0.23 1.37 0.01 0.011 0.29 0.6 0.15
633906 US Steel 0.23 1.37 0.017 0.025 0.27 0.65 0.16
583274 US Steel 0.22 1.34 0.011 0.022 0.26 0.56 0.17
613215 US Steel 0.22 1.33 0.014 0.02 0.26 0.61 0.16
105208 US Steel 0.2 1.38 0.032 0.019 0.2 0.65 0.25
11786 US Steel 0.23 1.44 0.02 0.019 0.26 0.6 0.14
831955 US Steel 0.25 1.4 0.009 0.018 0.28 0.57 0.16
11786 US Steel 0.23 1.44 0.02 0.019 0.26 0.6 0.14
613215 US Steel 0.22 1.33 0.014 0.02 0.26 0.61 0.16
633906 US Steel 0.23 1.37 0.017 0.025 0.27 0.55 0.16
831955 US Steel 0.25 1.4 0.009 0.018 0.28 0.57 0.16
69L332 US Steel 0.23 1.48 0.011 0.018 0.32 0.68 0.13
N14159 US Steel 0.23 1.38 0.01 0.015 0.22 0.57 0.15
581416 US Steel 0.22 1.4 0.013 0.021 0.23 0.53 0.14
69L332 US Steel 0.23 1.48 0.011 0.018 0.32 0.68 0.13
N14954 US Steel 0.24 1.45 0.014 0.016 0.28 0.65 0.15
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Table 7.3.2.1-3 provides chemistry data collected from Arc Spark analyses of vessels at MSFC. 

Table 7.3.2.1-3: V0125 1143 Inner Layer Chemistry Data 

 
 

7.3.2.2 Metallography 
Metallography studies were not performed on this material. 

7.3.2.3 Mechanical Properties 
Table 7.3.2.3-1 provides minimum values listed in the material specification (59) 

Table 7.3.2.3-1: 1143 Standard Mechanical Properties (59) 

 
 

Table 7.3.2.3-2 provides results obtained from mill certifications from all the vessels available at MSFC 
using 1143 material. 

Material Vessel
C Si Mn P S Cr Mo Ni Cu Nb V B

1143 Inner V125 0.26 0.28 1.35 0.025 0.028 0.071 0.013 0.5 0.026 0.003 0.13 0.0005

Chemistry (%)

Material Thickness (heads) σYS (ksi) UTS (ksi) Elong. (%)
CB&I 1143 0.18" ≥ t ≤ 0.375" 75 90 22
CB&I 1143 0.375" > t ≤ 0.580" 70.5 85 22
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Table 7.3.2.3-2: Mill Certification Mechanical Properties 

 
 

 

7.3.2.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens according to ASTM E8, 

“Standard Test Methods for Tension Testing of Metallic Materials” (51) using specimen design S-219 Rev 
A. The mechanical test frame consisted of a servo-hydraulic actuator and reaction frame. The frame 
used an LVDT for displacement feedback. Stress measurements were derived from load measurements 
and the initial specimen measurements. Strain measurements were derived from an extensometer and 
the initial specimen measurements. 

The results obtained from testing of 1143 from vessel V0125 are presented in Table 7.3.2.3.1-1. A 
typical engineering stress-strain curve is shown in Figure 7.3.2.3.1-1. Note that final fracture elongation 
is unknown due to saturation of the extensometer. 

Melt/Heat
Yield Stress 

(ksi)
Tensile Stress 

(ksi)
Fracture 

Elongation (%)
35L429 90 118 31
58L144 78 94 46
69L332 73 93 41
N14159 79 94 42
82L709 78 99 24
58L393 75 93 40
581416 79 101 41
58L144 77 93 46
58L393 78 96 44
N52335 76 96 21
633906 81 99 40
583274 83 100 41
613215 76 101 40
105208 83 99 46
11786 74 101 35
831955 78 99 38
11786 76 106 34
613215 77 101 37
633906 79 102 29
831955 73 98 39
69L332 73 93 41
N14159 79 94 42
581416 86 102 42
69L332 80 97 34
N14954 81 98 42
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Table 7.3.2.3.1-1: V0125 1143 Inner Layer Tensile Data 

 
 

 

 
Figure 7.3.2.3.1-1: V0125 1143 Smooth Specimen Tensile Plot for Sample CP344-4-76 

7.3.2.3.2 Notch Tensile Test 
Notch tensile tests were not conducted on this material. 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile 
Stress

Yield Stress
(ksi)

Fracture
Elongation 

CP-344-3-7 21 T 94.1 71.3 N/A
CP-344-3-8 21 T 94.7 72.7 N/A
CP344-4-76 21 L 93.0 68.9 N/A
CP344-4-77 21 L 93.8 69.2 N/A
CP344-4-78 21 L 92.6 68.8 N/A
CP344-4-79 21 L 95.5 71.0 N/A
CP344-4-84 21 T 94.5 70.4 N/A
CP344-4-85 21 T 93.7 69.0 N/A
CP344-4-86 21 T 94.9 70.0 N/A
CP344-4-87 21 T 93.2 69.3 N/A
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7.3.2.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10). Testing at all 

other temperatures was performed in accordance with ASTM E1921 (7). Testing for both standards used 
specimen design S-226 Rev A. All 1143 fracture tests came from vessel V0125 and were tested with the 
crack plane in the T-L orientation as defined by ASTM (C-L vessel orientation). The specimens used were 
ASTM E1820 compact specimens (C(T)) with W = 1.0 inches and B = 0.5 inch, a/W = 0.5 and all specimens 
were side grooved to a total thickness reduction of 20%. The cutting diagram used to remove the C(T) 
specimens from the V0125 inner layer is shown in Figure 7.3.2.3.3-1. 

 
Figure 7.3.2.3.3-1: Cut Plan for V0125 Inner Specimens 

 

The following test data are raw values obtained from fracture tests conducted on V0348 A212 
head material. Test results that are considered upper shelf are listed under ASTM E1820, while transition 
temperature test results are listed under E1921. Tests that meet the complete validity requirements for 
Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq convey valuable fracture 
toughness information, especially when the test results are applied directly to the sample material 
source. 
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Table 7.3.2.3.3-1: 1143 Fracture Data V03487 

 
 

Figure 7.3.2.3.3-2 shows a typical load versus crack opening displacement record for an upper 
shelf E1820 test. The resulting J integral resistance curve (J-R curve) is presented in Figure 7.3.2.3.3-3 
which shows the evaluation of JQ according to E1820. 

Results from the 18 E1921 tests are presented in Table 7.3.2.3.3-2 and Table 7.3.2.3.3-3. These 
results were obtained using the T0TEM code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -79°C using the E1921 Master Curve shown in Figure 7.3.2.3.3-4. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

CP344-4-43 28 T-L 1.0002 0.4939 0.6169 0.3742 0.2896 74 129 --- E1820
CP-344-3-2 22 T-L 1.0002 0.5958 0.6765 0.3765 0.3010 66 121 --- E1820
CP-344-3-1 21 T-L 1.0012 0.6115 0.6761 0.3773 0.2990 57 113 --- E1820
CP344-4-3 21 L-T 0.9994 0.4810 0.5704 0.3755 0.2963 248 235 --- E1820
CP344-4-4 21 L-T 1.0002 0.4939 0.5954 0.3748 0.2956 230 227 --- E1820
CP344-4-6 21 T-L 1.0006 0.4901 0.6264 0.3752 0.2999 89 141 --- E1820
CP-344-3-3 -46 T-L 1.0006 0.6618 0.7419 0.3770 0.3032 80 134 --- E1820
CP344-4-27 -83 T-L 1.0014 0.5027 0.6233 0.3740 0.2875 73 128 --- E1820
CP344-4-26 -86 T-L 1.0003 0.5009 0.6198 0.3752 0.2706 70 125 --- E1820
CP344-4-17 -29 T-L 1.0003 0.4889 0.7888 0.3770 0.2893 58 114 93 E1921
CP344-4-18 -57 T-L 1.0010 0.4914 0.7649 0.3767 0.2886 69 125 102 E1921
CP344-4-23 -85 T-L 1.0011 0.4909 0.5359 0.3748 0.2885 38 92 76 E1921
CP344-4-19 -85 T-L 1.0013 0.4960 0.5940 0.3743 0.2842 70 125 102 E1921
CP344-4-22 -85 T-L 1.0009 0.4934 0.5228 0.3752 0.2931 42 96 80 E1921
CP344-4-20 -85 T-L 1.0010 0.4943 0.6498 0.3757 0.2921 61 117 96 E1921
CP344-4-24 -112 T-L 1.0009 0.5012 0.5012 0.3748 0.2884 20 67 57 E1921
CP344-4-25 -112 T-L 1.0006 0.4902 0.4902 0.3762 0.2913 39 94 78 E1921
CP344-4-42 -113 T-L 0.9992 0.4892 0.4892 0.3743 0.2913 16 60 51 E1921
CP344-4-44 -113 T-L 1.0007 0.4922 0.4922 0.3735 0.2988 17 62 53 E1921
CP344-4-28 -113 T-L 1.0010 0.4936 0.4936 0.3742 0.2910 40 95 79 E1921
CP344-4-38 -118 T-L 0.9987 0.4936 0.4936 0.3738 0.2929 10 48 42 E1921
CP344-4-39 -118 T-L 0.9997 0.4893 0.4893 0.3742 0.2902 34 88 73 E1921
CP344-4-41 -118 T-L 1.0005 0.5000 0.5000 0.3753 0.2911 12 52 45 E1921
CP344-4-46 -118 T-L 1.0002 0.4927 0.4927 0.3735 0.2917 18 64 54 E1921
CP344-4-40 -118 T-L 0.9995 0.4911 0.4911 0.3755 0.2931 39 94 78 E1921
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Figure 7.3.2.3.3-2: 1143 Load Versus COD Plot, Sample CP344-4-43 
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Figure 7.3.2.3.3-3: 1143 Jq VersusΔa Plot, Sample CP344-4-43 
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Table 7.3.2.3.3-2: V0125 1143 T0 Individual Specimen Results 

 
 

 

Table 7.3.2.3.3-3: V0125 1143 T0 Calculation Results 

 
 

The results of the E1921 analysis show that the 1143 material removed from the V0125 inner 
layer is macroscopically homogenous, indicating consistent properties throughout the sampled material. 
For this data set, the ductile-brittle transition temperature was found to be -79°C. This result also meets 
the E1921 validity criteria for a sufficient number of samples tested in an appropriate temperature range 
with Σ(ri ni) ≥ 1.0. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

CP-344-3-3 -46 133.9 78.6 0 33
CP344-4-18 -57 124.5 78.6 0 22
CP344-4-19 -85 124.9 78.6 0 -6
CP344-4-20 -85 116.6 78.6 0 -7
CP344-4-22 -85 96.4 78.6 0 -7
CP344-4-23 -85 92.0 76.3 0 -6
CP344-4-24 -112 67.3 57.0 1 -34
CP344-4-25 -112 93.5 77.6 1 -34
CP344-4-26 -86 124.7 78.6 0 -8
CP344-4-27 -83 128.1 78.6 0 -4
CP344-4-28 -113 94.9 78.6 1 -34
CP344-4-38 -118 48.1 42.0 1 -39
CP344-4-39 -118 87.6 72.9 1 -39
CP344-4-40 -118 93.6 77.6 1 -40
CP344-4-41 -118 51.6 44.7 1 -39
CP344-4-42 -113 60.1 51.4 1 -34
CP344-4-44 -113 62.1 52.9 1 -34
CP344-4-46 -118 64.1 54.4 1 -39

Initial T0 (°C) -79
Total Samples 18
Samples within T0 ± 50°C (N) 18
Number of Uncensored Data (r) 10
Poisson's Ratio 0.3
Σ(ri ni) 1.34
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 5
Samples Between Ti - T0 -36 to -50 °C 5
T0scrn (°C) -62
Homogenous or Inhomogeneous Homogenous
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Figure 7.3.2.3.3-4: V0125 1143 T0 Plot 

 

7.3.2.3.4 Fatigue Crack Growth 
Fatigue crack growth tests were not performed on this material. 

7.3.2.3.5 Charpy Impact  
Charpy impact tests were conducted on V0125 inner layer material by Westmoreland Mechanical 

Testing and Research Incorporated (60) in accordance with ASTM E23 (17).   



Page 287 of 466 
 

 
Figure 7.3.2.3.5-1: V0125 Charpy Cut Plan 

 

Table 7.3.2.3.5-1: V0125 1143 Charpy Data 
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Figure 7.3.2.3.5-2: V0125 1143 V-Notch Charpy Fracture Surface 74°F 

 

 
Figure 7.3.2.3.5-3: V0125 1143 V-Notch Charpy Fracture Surface -40°F 
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Figure 7.3.2.3.5-4: V0125 1143 Charpy Plot 

 

The results of the Charpy impact tests show a drop in impact energy and lateral expansion from 
the room temperature tests to the -40°F tests. This is expected as the material is tested at colder 
temperatures. Too few specimens were tested to accurately compile a transition curve from this data, 
and therefore the newer E1921 Master Curve transition temperature is recommended for use when 
establishing fracture toughness values and critical operating temperatures. 
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7.3.3 T-1/A517 
T-1 steel, designated as ASTM-517, is used as both a head and shell material in LPVs. The vessel 

investigated in this instance is V0066 and was constructed of T-1 steel for both the head and shell. By 
examining the chemistry on both the head and shell, the material is determined to be ASTM A517 Grade 
F for both. The wrapper material is plate and approximately 1-3/8 inches thick. Down select specimens 
and macros were examined to confirm testing in the weakest orientation. 

7.3.3.1 Chemical Composition 
Table 7.3.3.1-1 provides percent content values listed in the ASTM A517-84 material specification. 

Table 7.3.3.1-1: ASTM A517-84 Standard Chemistry Values  (24) 

 
 

Table 7.3.3.1-2 provides data collected from Arc Spark analyses of the T-1 wrapper and head of 
vessel V0066. The V0066 plate falls comfortably within the A517 Grade F specification. 

Table 7.3.3.1-2: T-1 Collected Chemistry Data Vessel V0066 

 
 

7.3.3.2 Metallography 
Metallography studies on T-1 material included grain orientation and macro cubes.  Grain size, grain size 
through thickness, and carburization layer thickness studies were not conducted. 

Grain Orientation Study  

One set of three metallographic blocks was taken from the centerline of the wrapper layer 
material to correlate the grain orientation with the tensile and fracture toughness testing. The cut plan 
in Figure 7.3.3.2-1 shows how the blocks were removed from the layer. The blocks were polished, 
etched and photographed and the photographs were reconstructed as shown in Figure 7.3.3.2-2 and 
Figure 7.3.3.2-3. 

C Mn P *max S *max Si Ni Cr Mo V Cu
Grade F 0.08-0.22 0.55-1.10 0.035 0.04 0.13-0.37 0.67-1.03 0.36-0.69 0.36-0.64 0.02-0.09 0.12-0.53

Location C Si Mn P S Cr Mo Ni Cu
Head 0.15 0.25 0.84 0.014 0.027 0.41 0.48 0.9 0.26

Wrap Layer 0.15 0.25 0.88 0.014 0.025 0.68 0.46 0.82 0.27
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Figure 7.3.3.2-1: Cut Plan for Macros from V066 Layer 

 

These macros show that the grains are elongated in the L-C and C-L vessel planes with the 
greatest elongation in the circumferential direction. This implies that the plates were arranged such that 
the plate L direction (weakest crack orientation) corresponds to the vessel C direction.  
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Table 7.3.3.2-1: Macro Observations 

 

 
Figure 7.3.3.2-2: Macro from V0066 as Polished 
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Figure 7.3.3.2-3: Macro from V0066 Etched 

 

7.3.3.3 Mechanical Properties 
Table 7.3.3.3-1 provides ASTM A517F specification tensile properties minimums. 

Table 7.3.3.3-1: A517 Minimum Material Specifications (24) 

 
 

7.3.3.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens in accordance with ASTM E8, 

“Standard Test Methods for Tension Testing of Metallic Materials” (51) using specimen designs S-58 and 
S219 Rev A. The mechanical test frame consisted of a servo-hydraulic actuator and reaction frame. The 
frame used an LVDT for displacement feedback. Stress measurements were derived from load 
measurements and the initial specimen measurements. Strain measurements were derived from an 
extensometer and the initial specimen measurements. 

The results obtained from testing T-1 steel from vessel V0066 are presented in  Table 7.3.3.3.1-1. 
A typical engineering stress-strain curve is shown in Figure 7.3.3.3.1-1. 

 

Thickness Yield Stess (ksi) Tensile Stress (ksi) Fracture Elongation in 2 in. (%)
2.5" or less 100 115-135 16
2.5" to 6" 90 105-135 14
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Table 7.3.3.3.1-1: T-1 Tensile Data V00667 

 
 

 

 
Figure 7.3.3.3.1-1: T-1 Smooth Specimen Tensile Plot for Sample 629-7 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation 

629-7 21 T 117.2 105.9 20.4
629-8 21 T 118.3 107.1 20.7
629-9 21 T 118.9 108.0 20.8
629-10 21 L 117.3 106.7 21.6
629-11 21 L 116.8 106.7 23.2
629-12 21 L 116.5 106.0 22.7
629-54 20 T 119.5 108.4 19.0
629-55 20 T 122.3 110.3 19.0
629-56 -46 T 129.8 115.8 22.2
629-57 -46 T 131.8 118.6 22.1
629-58 -101 T 137.7 123.7 24.2
629-59 -101 T 137.2 123.3 24.1
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7.3.3.3.2 Notch Tensile Tests 
Notch tensile tests were not performed on this material. 

7.3.3.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820. Testing at all 

other temperatures was in accordance with ASTM E1921. Testing for both standards used specimen 
design S-318 Rev A. All T-1 fracture test samples came from vessel V0066. Down selects were tested in 
both T-L and L-T orientations, and cleavage tests were tested with the crack plane in the T-L orientation 
as defined by ASTM. The specimens used were ASTM E1820 compact specimens (C(T)) with W = 2.0 
inches and B = 1.0 inch, a/W = 0.5 and all specimens were side grooved to a total thickness reduction of 
20%. The cutting diagram used to remove the C(T) specimens from the V0066 layer is shown in Figure 
7.3.3.3.3-1. 

 
Figure 7.3.3.3.3-1: Cut Plan for V0066 Fracture Specimens 

The following test data are raw values obtained from fracture tests conducted on V0066 T-1 
wrapper material. Test results that are considered upper shelf are listed under ASTM E1820, while 
transition temperature test results are listed under E1921. Tests that meet the complete validity 
requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq 
convey valuable fracture toughness information, especially when the test results are applied directly to 
the sample material source. 
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For the T-1 material tested, it is important to note that significant ductile instability was observed 
in non-cleavage tests after the test reached Jq. Ductile instability is defined as unpredictable crack 
extension without a true cleavage mechanism. Practically the result is the same, once the crack has 
reached an initiation toughness, it will grow unstably. In a test environment, this is controlled somewhat 
by the load/unload cycles of the unloading compliance method. However, in a real world situation 
without load shedding, the result would most likely be catastrophic failure. 

Table 7.3.3.3.3-1: T-1 Fracture Data V0066 

 
 

Figure 7.3.3.3.3-2 shows a typical load versus crack opening displacement record for an upper 
shelf E1820 test. The resulting J integral resistance curve (J-R curve) is presented in Figure 7.3.3.3.3-3 
which shows the evaluation of JQ according to E1820. Here the effect of ductile instability can be 
observed as the crack length begins to jump significantly without the load reaching the previous 
maximum. 

Results from the seven E1921 tests are presented in Table 7.3.3.3.3-2 and Table 7.3.3.3.3-3. 
These results were obtained using the T0TEM code described in Section 4.2. The T0 reference 
temperature for this data set was evaluated as -123°C using the E1921 Master Curve shown in Figure 
7.3.3.3.3-4. 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

629-1 21 T-L 2.0026 1.0272 1.0275 1.0006 0.8055 66 121 --- E1820
629-2 21 T-L 2.0016 1.0232 1.0232 1.0004 0.8101 67 122 --- E1820
629-3 21 T-L 2.0029 1.0315 1.0319 1.0011 0.8042 68 124 --- E1820
629-4 21 L-T 2.0041 1.0348 1.2305 1.0011 0.8021 82 135 --- E1820
629-5 20 L-T 2.0027 1.0319 1.1551 1.0020 0.8023 94 145 --- E1820
629-6 21 L-T 2.0036 1.0258 1.0712 1.0009 0.8029 74 129 --- E1820
629-41 21 T-L 1.9989 1.0485 1.0669 1.0002 0.8013 83 136 --- E1820
629-42 21 T-L 1.9985 1.0414 1.1889 1.0003 0.7997 64 119 --- E1820
629-43 21 T-L 1.9989 1.0462 1.0998 0.9988 0.8007 130 170 --- E1820
629-44 -18 T-L 1.9991 1.0532 1.2264 0.9992 0.8003 94 145 --- E1820
629-46 -73 T-L 1.9988 1.0609 1.0875 1.0000 0.8002 121 164 164 E1921
629-47 -101 T-L 1.9989 1.0653 1.1645 0.9992 0.8019 111 157 157 E1921
629-48 -101 T-L 1.9990 1.0694 1.0806 0.9998 0.8026 77 131 131 E1921
629-49 -101 T-L 1.9993 1.0534 1.1282 0.9987 0.8040 73 128 128 E1921
629-50 -129 T-L 1.9992 1.0551 1.0607 0.9989 0.8027 46 101 101 E1921
629-51 -129 T-L 1.9987 1.0539 1.0548 0.9999 0.8025 43 98 98 E1921
629-52 -129 T-L 1.9990 1.0562 1.0606 0.9997 0.8047 44 100 100 E1921
629-53 -129 T-L 1.9988 1.0546 1.0551 1.0000 0.8016 29 80 80 E1921
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Figure 7.3.3.3.3-2: T-1 Load Versus COD Plot, Sample 629-3 

 



Page 298 of 466 
 

 
Figure 7.3.3.3.3-3: T-1 Jq Versus Δa Plot, Sample 629-3 

 

Table 7.3.3.3.3-2: T0 Individual Specimen Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

629-47 -101 157.3 131.5 0 22
629-48 -101 131.5 131.5 1 22
629-49 -101 128.0 128.0 0 22
629-50 -129 100.9 100.9 1 -6
629-51 -129 98.3 98.3 1 -6
629-52 -129 99.5 99.5 1 -6
629-53 -129 79.8 79.8 1 -6
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Table 7.3.3.3.3-3: T0 Calculation Results 

 
 

The results of the E1921 analysis show that the T-1 material removed from the V0066 wrapper is 
macroscopically homogenous, indicating consistent properties throughout the sampled material. For 
this data set, the ductile-brittle transition temperature was found to be -123°C. This result does not 
meet the E1921 validity criteria for a sufficient number of samples tested in an appropriate temperature 
range since Σ(ri ni) < 1.0. The resulting temperature and confidence bounds still provide valuable fracture 
information. The material itself demonstrates high initiation toughness at low temperatures. However, 
as mentioned previously, this material shows significant ductile instability even at high temperatures. 
The high initiation toughness makes this an unlikely scenario, but it should be considered in any vessel 
application. 

Initial T0 (°C) -123
Total Samples 7
Samples within T0 ± 50°C (N) 7
Number of Uncensored Data (r) 5
Poisson's Ratio 0.3
Σ(ri ni) 0.83
Samples Between Ti - T0 50 to -14 °C 5
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -123
Homogenous or Inhomogeneous Homogenous
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Figure 7.3.3.3.3-4: T-1 T0 Plot 

7.3.3.3.4 Fatigue Crack Growth 
Sections of V0066 were tested in accordance with ASTM E647 to determine the fatigue crack 

growth rates. Load ratios of R = 0.1 and R = 0.7 were chosen corresponding to load cycles corresponding 
to slight pressure variations and nearly full pressure releases of the LPVs. These tests were conducted on 
material taken from the center of the layer in the thickness direction. Figure 7.3.3.3.4-1 and Figure 
7.3.3.3.4-2 show the individual fatigue crack growth curves for the T-1 layer material from vessel V0066 
at different R ratios. The combined plot with both curves is shown in Figure 7.3.3.3.4-3. These curves are 
input into NASGRO to create material data packages used for structural analysis and crack growth 
prediction. 
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Figure 7.3.3.3.4-1: T-1 Fatigue Crack Growth Plot, R = 0.11 
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Figure 7.3.3.3.4-2: T-1 Fatigue Crack Growth Plot, R = 0.7 
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Figure 7.3.3.3.4-3: T-1 Fatigue Crack Growth Plot, Combined 

 

7.3.3.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 
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7.4  Parent Nozzle Materials 
The nozzles found in layered pressure vessels are typically single piece forgings welded into the 

head, although some vessels contain nozzles located in shell courses. The most common nozzle 
materials are AOS A-5002-mod (5002) and ASTM A105 Grade II (hereafter referred to as A105), and 
these were the only nozzle materials investigated. No dissected vessels contained nozzles in the shell 
course, so only head nozzles were examined. In the nozzle materials tested, ductile-brittle transition 
temperatures were found to be exceptionally low, well beyond normal operational temperatures. This 
indicates that the nozzle material itself is stable and will likely not be susceptible to cold weather. 

7.4.1 AOS A-5002-Mod 
A.O. Smith A-5002-mod is used as a nozzle material in LPVs. The results reported in this section 

include vessels manufactured by A.O. Smith. 

7.4.1.1 Chemical Composition 
 Table 7.4.1.1-1 provides the percent content values listed in the material specification, provided 

by A.O. Smith as construction reference. Exact melt chemistry is unavailable. 

 

Table 7.4.1.1-1: AOS 5002 Chemistry Specification (60) 

 
 

 

Table 7.4.1.1-2 provides data collected from Arc Spark analyses of vessels V125 and MV50466-8 at 
MSFC. 

Table 7.4.1.1-2: 5002 Collected Chemistry Data 

 
 

7.4.1.2 Metallography 
Metallography tests were not performed on this material. 

7.4.1.3 Mechanical Properties 
Table 7.4.1.3-1 provides minimum values listed in the material specification. 

C Mn P S Si Ni V Cu Cr Mo B Nb
0.19-0.25 1.1-1.5 0-0.04 0-0.04 0.2-0.35 0.4-0.7 0.13-0.18 0-0.3 0-0.3 0-0.06 0-0.001  -

AO Smith Specification % Chemical Content

Vessel C Mn P S Si Ni V Cu Cr Mo B Nb
MV50466-8 0.25 1.34 0.011 0.019 0.27 0.66 0.12 0.095 0.071 0.035 0.0005 0.003

V125 0.28 1.61 0.02 0.14 0.25 0.56 0.13 0.075 0.095 0.044 0.002 0.003
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Table 7.4.1.3-1: AO Smith 5002 Mechanical Specification (60) 

 
 

 

7.4.1.3.1 Smooth Tensile Tests 
Smooth tensile tests were not conducted on the material due to size constraints in the base 

material. AO Smith specification values were used to direct fracture testing. 

7.4.1.3.2 Notch Tensile 
Notch tensile tests were not performed on this material. 

7.4.1.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10). All other 

temperatures were tested in accordance with ASTM E1921 (7). Testing for both standards use specimen 
design S-226 Rev B. All 5002 fracture tests came from vessel MV50466-8 and were tested with the crack 
plane in the C-R orientation as defined by ASTM (both grain and vessel orientations). The specimens 
used were ASTM E1820 compact specimens (C(T)) with W = 1.0 inches and B = 0.375 inch, a/W = 0.5 and 
all specimens were side grooved to a total thickness reduction of 20%. The cutting diagram used to 
remove the C(T) specimens from the MV50466-8 Head 1 nozzle (2 inch diameter nozzle) is shown in 
Figure 7.4.1.3.3-1. 

 
Figure 7.4.1.3.3-1: MV50466-8 Nozzle Fracture Cut Plan 

 

Fty (ksi) Ftu (ksi) Elong in 2 in., min % Reduction of Area, min %
65 95 18 35
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The following test data are raw values obtained from fracture tests conducted on MV50466-8 
nozzle material. Test results that are considered upper shelf are listed under ASTM E1820, while 
transition temperature test results are listed under E1921. Tests that meet the complete validity 
requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq convey 
valuable fracture toughness information, especially when the test results are applied directly to the 
sample material source. 

Table 7.4.1.3.3-1: AOS 5002 Fracture Data MV50466-8 

 
 

Figure 7.4.1.3.3-2 shows a typical load versus crack opening displacement record for an upper 
shelf E1820 test. The resulting J integral resistance curve (J-R curve) is presented in Figure 7.4.1.3.3-3 
which shows the evaluation of JQ according to E1820. 

Results from the 12 E1921 tests are presented in Table 7.4.1.3.3-2 and Table 7.4.1.3.3-3. These 
results were obtained using the T0TEM Code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -56°C using the E1921 master curve shown in Figure 7.4.1.3.3-4. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

440-253 21 C-R 1.0023 0.5340 0.6046 0.3748 0.3000 152 184 --- E1820
440-254 21 C-R 1.0029 0.5312 0.5959 0.3762 0.3010 140 177 --- E1820
440-255 -72 C-R 1.0008 0.5144 0.5238 0.3758 0.3018 69 124 102 E1921
440-249 -72 C-R 1.0028 0.5366 0.5405 0.3753 0.3012 42 96 80 E1921
440-243 -73 C-R 1.0015 0.5364 0.5366 0.3763 0.3032 51 107 88 E1921
440-244 -73 C-R 1.0022 0.5465 0.5492 0.3767 0.3014 40 94 78 E1921
440-245 -73 C-R 1.0023 0.5352 0.5361 0.3766 0.3000 10 48 42 E1921
440-246 -73 C-R 1.0012 0.5272 0.5318 0.3761 0.3017 50 106 87 E1921
440-247 -73 C-R 1.0036 0.5336 0.5356 0.3759 0.3012 36 89 74 E1921
440-248 -73 C-R 1.0025 0.5369 0.5387 0.3766 0.3012 32 84 70 E1921
440-250 -73 C-R 1.0018 0.5280 0.5286 0.3766 0.3012 33 86 72 E1921
440-252 -73 C-R 1.0024 0.5335 0.5358 0.3763 0.3023 34 88 73 E1921
440-256 -73 C-R 1.0031 0.5550 0.5552 0.3755 0.3000 35 89 74 E1921
440-251 -74 C-R 1.0024 0.5470 0.5490 0.3758 0.3030 55 111 91 E1921
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Figure 7.4.1.3.3-2: AOS 5002 Load Versus COD Plot, Sample 440-253 

 

 
Figure 7.4.1.3.3-3: AOS 5002 Jq Versus Δa Plot, Sample 440-253 
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Table 7.4.1.3.3-2: T0 Individual Specimen Results 

 
 

 

Table 7.4.1.3.3-3: T0 Calculation Results 

 
 

 

The results of the E1921 analysis show that the 5002 material removed from the MV50466-8 
nozzle is macroscopically homogenous, indicating consistent properties throughout the sampled 
material. For this data set, the ductile-brittle transition temperature was found to be -56°C. This result 
also meets the E1921 validity criteria for a sufficient number of samples tested in an appropriate 
temperature range with Σ(ri ni) ≥ 1.0. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

440-243 -73 113.8 93.5 1 -17
440-244 -73 100.3 83.0 1 -17
440-245 -73 51.1 44.4 1 -17
440-246 -73 112.2 92.2 1 -17
440-247 -73 95.4 79.0 1 -17
440-248 -73 90.0 74.9 1 -17
440-249 -72 102.7 84.7 1 -16
440-250 -73 91.8 76.2 1 -17
440-251 -74 117.3 96.2 1 -19
440-252 -73 93.1 77.3 1 -17
440-255 -72 132.3 107.9 1 -16
440-256 -73 94.1 78.0 1 -17

Initial T0 (°C) -56
Total Samples 12
Samples within T0 ± 50°C (N) 12
Number of Uncensored Data (r) 12
Poisson's Ratio 0.3
Σ(ri ni) 1.71
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 12
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -56
Homogenous or Inhomogeneous Homogenous
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Figure 7.4.1.3.3-4: AOS 5002 T0 Plot 

 

7.4.1.3.4 Fatigue Crack Growth 
Fatigue crack growth tests were not performed on this material. 

7.4.1.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 

7.4.2 A105 
A105 is used as the nozzle material for many LPVs. The results reported in this section are based 

on vessels manufactured by A.O. Smith. All nozzles reported on in this section are nominally A105 Grade 
II and are referred to as A105. 

7.4.2.1 Chemical Composition 
Table 7.4.2.1-1 provides maximum percent content values listed in the A105 material specification. 
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Table 7.4.2.1-1: A105 Chemistry Requirements (61) 

 
 

Table 7.4.2.1-2 shows chemistry values reported on the mill certification of the V0032 nozzle. 

Table 7.4.2.1-2: A105 V0032 Mill Certification Values 

 
 

Table 7.4.2.1-3 provides data collected from Arc Spark analyses of A105 nozzles from LPVs at MSFC. 

Table 7.4.2.1-3: A105 Nozzle Collected Chemistry Data 
Vessel C Mn P S Si Ni V Cu Cr Mo B Nb 
V0023 0.390 0.900 0.027 0.067 0.240 0.005 0.002 0.010 0.020 0.003 0.001 0.003 
V0032 0.260 0.660 0.006 0.015 0.220 0.038 0.002 0.048 0.025 0.010 0.001 0.003 
V0348 0.270 0.760 0.012 0.031 0.200 0.100 0.002 0.240 0.081 0.036 0.001 0.003 

 
 

7.4.2.2 Metallography  
Metallographic studies performed on A105 material included grain orientation and macro cubes.  No 
grain size, grain size through thickness, or carburization layer thickness studies were performed. 

Grain Orientation Study  

One set of three metallographic blocks was taken from the between the bolt holes of the nozzle 
material to correlate the grain orientation with the tensile and fracture toughness testing. The cut plan 
Figure 7.4.2.2-1 shows how the blocks were removed from the head. The blocks were polished, etched, 
and photographed, and the photographs were reconstructed as shown in Figure 7.4.2.2-2 and Figure 
7.4.2.2-3. Table 7.4.2.2-1 details the observations of each macro. 

C Mn P S
Grade II 0.35 0.9 0.05 0.05

C Mn P S Si
V32 0.26 0.67 0.015 0.021 0.2
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Figure 7.4.2.2-1: Cut Plan for Macros from V0032 A105 Nozzle 

 

Table 7.4.2.2-1: A105 Nozzle Macro Evaluations 

 
 

NOTES: 

V0032-N-1: Evaluated face corresponds to the C-R plane. 

V0032-N-2: Evaluated face corresponds to the L-R plane. 

V0032-N-3: Evaluated face corresponds to the C-L plane. 

The macros shown in Figure 7.4.2.2-2 and Figure 7.4.2.2-3 were extracted from the nozzle of 
V0032 as shown in Figure 7.4.2.2-1. 
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Figure 7.4.2.2-2: A105 Nozzle Macro Cube As-Polished 100X 
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Figure 7.4.2.2-3: A105 Nozzle Macro Cube Nital Etch 50X 

7.4.2.3 Mechanical Properties 
Table 7.4.2.3-1 provides minimum values listed in the A105 material specification (61)  

Table 7.4.2.3-1: A105 Standard Specification Value (61) 

 
 

Table 7.4.2.3-2 provides tensile properties obtained from the mill certification of V0032. 

Table 7.4.2.3-2: A105 Standard Specification Value 

 
 

7.4.2.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens according to ASTM E8, 

“Standard Test Methods for Tension Testing of Metallic Materials” (51) using specimen design S-219 Rev 
A. The mechanical test frame consisted of a servo-hydraulic actuator and reaction frame. The frame 

Yield Stess 
(ksi)

Tensile Stress 
(ksi)

Fracture Elongation 
in 2 in. (%)

Reduction of 
Area (%)

Grade II 36 70 22 30

Yield Stress (ksi) Tensile Stress (ksi) Elongation in 2in. (%)
V32 48 70 31

R 

L 

C 
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used an LVDT for displacement feedback. Stress measurements were derived from load measurements 
and the initial specimen measurements. Strain measurements were derived from an extensometer and 
the initial specimen measurements. 

The results obtained from testing of A105 from vessel V0032 are presented in Table 7.4.2.3.1-1, 
results from V0348 are in Table 7.4.2.3.1-2. A typical engineering stress-strain curve is shown in Figure 
7.4.2.3.1-1. 
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Table 7.4.2.3.1-1: A105 Nozzle Tensile Data V0032 

 
 

Table 7.4.2.3.1-2: A105 Nozzle Tensile Data V0348 

 
 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

380-196 22 L 66.2 31.8 31.7
380-197 22 L 66.7 31.1 33.3
380-198 -46 L 70.5 30.4 35.5
380-199 -46 L 71.9 31.7 34.0
380-200 -101 L 79.3 46.4 34.3
380-202 -101 L 80.2 46.0 34.7

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

483-63 21 L 76.0 49.0 22.7
483-64 21 L 75.5 48.5 27.0
483-65 -46 L 84.7 60.9 13.7
483-66 -46 L 81.7 48.0 33.2
483-67 -101 L 90.5 64.9 20.6
483-68 -101 L 90.3 62.3 25.8
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Figure 7.4.2.3.1-1: A105 Smooth Specimen Tensile Plot for Sample 380-196 

7.4.2.3.2 Notch Tensile Tests 
Notch tensile tests were not performed on this material. 

7.4.2.3.3 Fracture Properties 
All room temperature testing was performed per ASTM E1820 (10). All other temperatures were 

tested per ASTM E1921 (7). Testing for both standards use specimen design S-226 Rev B. All A105 
fracture tests came from vessels V0032 and V0348 and were tested with the crack plane in the C-R 
orientation as defined by ASTM. The specimens used were ASTM E1820 compact specimens (C(T)) with 
W = 1.0 inches and B = 0.375 inch, a/W = 0.5. All specimens were side-grooved to a total thickness 
reduction of 20%. The cutting diagram used to remove the C(T) specimens from the V0032 nozzle is 
shown in Figure 7.4.2.3.3-1. 
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Figure 7.4.2.3.3-1: Cut Plan for V0032 Nozzle Specimens 

 

Figure 7.4.2.3.3-2 shows a typical load versus crack opening displacement record for an A105 
nozzle test. The resulting J integral resistance curve (J-R curve) is presented in Figure 7.4.2.3.3-3 which 
shows the evaluation of JQ according to E1820. 
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Figure 7.4.2.3.3-2: A105 Load Versus COD Plot, Sample 380-208 
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Figure 7.4.2.3.3-3: A105 Jq Versus Δa Plot, Sample 380-208 

 

The test data shown in Table 7.4.2.3.3-1 are raw values obtained from fracture tests conducted 
on V0032 A105 nozzle material. Test results that are considered upper shelf are listed under ASTM 
E1820, while transition temperature test results are listed under E1921. Tests that meet the complete 
validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq 
convey valuable fracture toughness information, especially when the test results are applied directly to 
the sample material source. Specimen 380-208 demonstrated some characteristics of an upper shelf 
test, however it was within the temperature window and has been used as a censored data point for 
E1921 evaluation. 



Page 320 of 466 
 

Table 7.4.2.3.3-1: A105 Nozzle Fracture Data V0032 

 
 

 

Results from the five E1921 tests are presented in Table 7.4.2.3.3-2 and Table 7.4.2.3.3-3. These 
results were obtained using the T0TEM Code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -92°C using the E1921 master curve shown in Figure 7.4.2.3.3-4. 

Table 7.4.2.3.3-2: T0 Individual Specimen Results V0032 A105 Nozzle 

 
 

 

Table 7.4.2.3.3-3: T0 Calculation Results V0032 A105 Nozzle 

 
 

The results of the E1921 analysis show that the A105 material removed from the V0032 nozzle is 
macroscopically homogenous, indicating consistent properties throughout the sampled material. For 
this data set, the ductile-brittle transition temperature was found to be -92°C. This does not meet the 
E1921 validity criteria for a sufficient number of samples tested in an appropriate temperature range 
with Σ(ri ni) < 1.0. However, the results are still considered useful as they are consistent and in family. 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

380-208 -73 C-R 0.9991 0.5065 0.5732 0.3494 0.2857 155 186 148 E1921
380-207 -101 C-R 0.9996 0.5316 0.5318 0.3495 0.2813 26 76 63 E1921
380-209 -101 C-R 0.9986 0.5023 0.5070 0.3500 0.2801 75 129 104 E1921
380-210 -101 C-R 0.9997 0.5086 0.5135 0.3495 0.2784 52 108 88 E1921
380-211 -101 C-R 0.9991 0.5040 0.5103 0.3501 0.2828 72 127 102 E1921

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-207 -101 76.2 63.2 1 -10
380-208 -73 185.9 103.9 0 18
380-209 -101 129.1 103.9 1 -10
380-210 -101 108.3 87.9 1 -10
380-211 -101 126.9 102.2 1 -10

Initial T0 (°C) -92
Total Samples 5
Samples within T0 ± 50°C (N) 5
Number of Uncensored Data (r) 4
Poisson's Ratio 0.3
Σ(ri ni) 0.67
Samples Between Ti - T0 50 to -14 °C 4
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -88
Homogenous or Inhomogeneous Homogenous
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Figure 7.4.2.3.3-4: V0032 A105 Nozzle T0 Plot (T0 = -92°C) 

 

Table 7.4.2.3.3-4 provides raw test data values obtained from fracture tests conducted on V0348 
A105 nozzle material. Test results that are considered upper shelf are listed under ASTM E1820, while 
transition temperature test results are listed under E1921. Tests that meet the complete validity 
requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq convey 
valuable fracture toughness information, especially when the test results are applied directly to the 
sample material source. Specimens 483-52 and 483-53 demonstrated some characteristics of an upper 
shelf test, however they were within the temperature window and have been used as censored data 
points for E1921 evaluation. 
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Table 7.4.2.3.3-4: A105 Nozzle Fracture Data V0348 

 
 

Results from the eight E1921 tests are presented in Table 7.4.2.3.3-5 and Table 7.4.2.3.3-6. These 
results were obtained using the T0TEM Code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -111°C using the E1921 Master Curve shown in Figure 7.4.2.3.3-5. 

Table 7.4.2.3.3-5 T0 Individual Specimen Results V0348 A105 Nozzle 

 
 

 

Table 7.4.2.3.3-6 T0 Calculation Results V0348 A105 Nozzle 

 
 

The results of the E1921 analysis show that the A105 material removed from the V0348 nozzle is 
macroscopically inhomogeneous, however there are not enough data points to sufficiently qualify the 
inhomogeneity characterization. For this data set, the ductile-brittle transition temperature was found 
to be -111°C. This data set meets the E1921 validity criteria for a sufficient number of samples tested in 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

483-51 -101 C-R 1.0030 0.5097 0.5177 0.3791 0.3017 35 89 74 E1921
483-52 -101 C-R 1.0029 0.5245 0.5245 0.3772 0.3005 120 164 133 E1921
483-53 -101 C-R 1.0020 0.5424 0.5424 0.3761 0.3056 204 214 172 E1921
483-54 -129 C-R 1.0031 0.5188 0.5271 0.3748 0.3093 44 99 82 E1921
483-56 -129 C-R 1.0033 0.5182 0.5223 0.3747 0.3103 53 109 90 E1921
483-57 -129 C-R 1.0018 0.5474 0.5500 0.3759 0.3090 20 67 57 E1921
483-58 -129 C-R 1.0040 0.5349 0.5349 0.3773 0.3047 12 52 45 E1921
483-60 -129 C-R 1.0012 0.5190 0.5216 0.3752 0.3039 31 84 70 E1921

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

483-51 -101 88.9 73.9 1 10
483-52 -101 163.8 132.7 1 10
483-53 -101 213.6 157.1 0 10
483-54 -129 99.3 82.1 1 -18
483-56 -129 109.1 89.7 1 -18
483-57 -129 66.9 56.7 1 -18
483-58 -129 52.0 45.1 1 -18
483-60 -129 83.9 70.0 1 -18

Initial T0 (°C) -111
Total Samples 8
Samples within T0 ± 50°C (N) 8
Number of Uncensored Data (r) 7
Poisson's Ratio 0.3
Σ(ri ni) 1.05
Samples Between Ti - T0 50 to -14 °C 2
Samples Between Ti - T0 -15 to -35 °C 5
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -99
Homogenous or Inhomogeneous Inhomogeneous
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an appropriate temperature range with Σ(ri ni) ≥ 1.0. Given the consistency of the data with other tested 
A105 lots, it is safe to conclude that the standard Master Curve gives a good characterization of the 
material. 

 

 
Figure 7.4.2.3.3-5: V0348 A105 Nozzle T0 Plot (T0 = -111C) 
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Figure 7.4.2.3.3-6: A105 Nozzle T0 Combined Master Curve Plot 

 

7.4.2.3.4 Fatigue Crack Growth 
Fatigue crack growth tests were not performed on this material. 

7.4.2.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 
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7.5 Weld Materials 
LPVs contain many different types of welds in various locations. These welds are the most 

common location of flaws found in vessels and, as such, are the most likely failure points. A number of 
weld processes were used. Shielded Metal Arc Welding (SMAW) (commonly referred to as stick 
welding), Gas Metal Arc Welding (GMAW) (also referred to Metal Inert Gas, or MIG, Submerged Arc 
Welding (SAW) (abbreviated in general shop conversation as “sub-arc”) welds), and possibly Gas 
Tungsten Arc Welding (GTAW) (also referred to as Tungsten Inert Gas (TIG), or Heli-arc) are found 
throughout the LPV fleet. Very few of these welds were inspected with modern non-destructive 
evaluation (NDE) techniques and, therefore, are more subject to multiple types of manufacturing 
defects. Also, the material characteristics of the weld metal deposits are not well documented, and even 
when documented, mechanical properties are subject to the individual weld application and any stress 
relief or post weld heat treatment. In addition, the welding process produces HAZ in the surrounding 
parent material. The weld types investigated in this project are longitudinal wrapper welds, inner layer 
welds, circumferential through-thickness welds, and nozzle welds. 

7.5.1 Longitudinal Wrapper Weld 
Longitudinal wrapper welds are welds along the length of the vessel and join wrapper plate 

edges to each other to create cylinders. In the case that there is only one plate per layer, the weld joins 
the wrapper back to itself. If there are multiple plates per layer, then the weld joins the edge of one 
plate to the next. These welds also join the current wrap to the previous wrap such that each 
subsequent layer is unable to twist or slide out of position. Longitudinal wrapper welds are offset from 
layer to layer around the vessel so that no adjacent layers have welds on top of each other (see Figure 
7.5.1-1). In some instances, it was observed that the weld produced significant over-burn through the 
backer layer, enough that three layers were joined. Wrapper layer welds are “green” welds. They 
received no post-weld inspection, stress relief, or heat treatment. In some cases, the welds were ground 
smooth to allow for a closer fit of the following layer. 

Testing performed during this project was conducted on the weld nugget located in the joined 
plate of any investigated layer weld, so that only the weld metal would be tested. Tests were also 
conducted in the HAZ produced by the weld and in the parent plate material. Wrapper layers are 
typically 0.25 inches nominal thickness. Weld deposit material varies by manufacturer. 
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Figure 7.5.1-1: Weld Offset Diagram 

 

7.5.1.1 Chemical Composition 
Weld material specifications are not typically available or verifiable, therefore the chemical 

composition reported is only of the collected data. Data shown in Table 7.5.1.1-1 is only from the weld 
center, collected from Arc Spark OEM analyses of vessels at MSFC. HAZ chemistry is that of the parent 
plate material and is therefore not dealt with in this section. 

Table 7.5.1.1-1: Longitudinal Weld Collected Chemistry Data 

 
 

7.5.1.2 Metallography 
The only metallographic study performed on longitudinal seam welds was a grain orientation study 
involving LPVs V0125 and MV50466-8.  No grain size, grain size through thickness, or carburization layer 
thickness studies were performed, and no macro cubes were produced. 

Grain Orientation Study 

The grain orientation study is a polish and etch of a seam weld cross section. Its purpose is to 
confirm the correct orientation for fracture testing. In this case, the P orientation, parallel to the weld 
path, was found to be the most realistic and proper orientation for further tests. 

Vessel C Si Mn P S Cr Mo Ni Cu V
V0023 0.081 0.28 0.75 0.014 0.021 0.05 0.39 1.65 0.027 0.16

V32 0.12 0.4 1.5 0.017 0.022 0.15 0.22 1.19 0.038 0.066
V0348 0.14 0.16 0.73 0.012 0.019 0.04 0.16 0.039 0.075 0.066
V0125 0.088 0.41 1.52 0.014 0.025 0.22 0.28 1.4 0.086 0.048

MV50466-8 0.13 0.39 1.52 0.014 0.02 0.14 0.18 1.04 0.036 0.078
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Figure 7.5.1.2-1: Cut Plan for Macros from MV50466-8 Seam Weld 

 

The macros shown in Figure 7.5.1.2-2,  Figure 7.5.1.2-3, and Figure 7.5.1.2-4 were extracted from 
the cross-section of V0125 and MV50466-8 seam welds, near the location of tensile and fracture test 
specimens. 
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Figure 7.5.1.2-2: V0125 Seam Weld Macro 
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Figure 7.5.1.2-3: MV50466-8 Seam Weld Macro (Edge of wrapper plate unfused) 

 

 
Figure 7.5.1.2-4: MV50466-8 Seam Weld Macro (Significant porosity) 
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Hardness 

Vickers Hardness (VHN) traces were conducted on some longitudinal wrapper welds to help 
identify the degree of variance in material properties and stress concentrations across the parent-weld-
parent span. These were used to identify areas of concern and direct testing towards less favorable 
material conditions which would indicate worst case crack scenarios. 

 
Figure 7.5.1.2-5: MV50466-8 Seam Weld 440-163 Indent Locations 
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Figure 7.5.1.2-6: MV50466-8 Seam Weld 440-163 Hardness Trace 

 

 
Figure 7.5.1.2-7: MV50466-8 Seam Weld 440-173 Indent Locations 
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Figure 7.5.1.2-8: MV50466-8 Seam Weld 440-173 Hardness Trace 

 

 
Figure 7.5.1.2-9: MV50466-8 Seam Weld 440-183 Indent Locations 
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Figure 7.5.1.2-10: MV50466-8 Seam Weld 440-183 Hardness Trace 
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Figure 7.5.1.2-11: V0125 Seam Weld CP344-3-30 Indent Locations 

 

 
Figure 7.5.1.2-12: V0125 Seam Weld CP344-3-30 Hardness Trace 
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Figure 7.5.1.2-13: V0125 Seam Weld CP344-3-43 Indent Locations 

 

 
Figure 7.5.1.2-14: V0125 Seam Weld CP344-3-43 Hardness Trace 
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Figure 7.5.1.2-15: V0125 Seam Weld CP344-3-54 Indent Locations 

 

 

 



Page 337 of 466 
 

 
Figure 7.5.1.2-16: V0125 Seam Weld CP344-3-54 Hardness Trace 

7.5.1.3 Mechanical Properties 
Mechanical properties for the weld metal vary by manufacturer and application parameters and 

are only characterized by the tests documented in the following sections. 

7.5.1.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens according to ASTM E8, 

“Standard Test Methods for Tension Testing of Metallic Materials” (51) using specimen design S-219 Rev 
A. The mechanical test frame consisted of a servo-hydraulic actuator and reaction frame. The frame 
used an LVDT for displacement feedback. Stress measurements were derived from load measurements 
and the initial specimen measurements. Strain measurements were derived from an extensometer and 
the initial specimen measurements. 

The results obtained from testing of longitudinal wrapper welds from vessels MV50466-8, V0023, 
V0032 and V0125 are presented in Table 7.5.1.3.1-1, Table 7.5.1.3.1-2, Table 7.5.1.3.1-3, and Table 
7.5.1.3.1-4. A typical engineering stress-strain curve is shown in Figure 7.5.1.3.1-1. 
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Figure 7.5.1.3.1-1: Longitudinal Seam Weld Smooth Tensile Plot Sample 519-53 

. 

Table 7.5.1.3.1-1: Longitudinal Weld Smooth Tensile Data MV50466-8 
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Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

440-164 21 P 112.7 98.7 19.8
440-172 21 N 110.0 90.9 19.4
440-174 21 P 112.0 91.0 19.3
440-182 21 N 111.0 91.5 19.4
440-205 -29 N 121.8 99.8 19.8
440-221 -29 N 125.0 108.8 9.9
440-223 -29 N 138.9 104.1 9.7
440-220 -46 N 115.6 99.0 19.5
440-222 -46 N 119.3 99.5 20.9
440-206 -73 N 124.1 98.9 21.7
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Table 7.5.1.3.1-2 Longitudinal Weld Smooth Tensile Data V0023 

 
 

 

Table 7.5.1.3.1-3: Longitudinal Weld Smooth Tensile Data V0032 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

519-53 21 N 104.5 91.4 23.5
519-54 21 N 105.5 91.4 21.3
519-55 -46 N 115.6 95.3 22.2
519-56 -46 N 116.2 98.5 20.8
519-57 -101 N 130.0 97.7 23.6
519-58 -101 N 131.1 99.7 23.3

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

380-145 21 N 115.0 94.7 24.0
380-147 -29 N 121.8 94.8 24.3
380-148 -73 N 129.2 93.5 24.0
380-159 21 N 111.6 90.9 24.4
380-160 -29 N 119.3 92.1 22.0
380-161 -73 N 127.1 93.4 23.5
380-162 21 N 116.7 93.7 22.1
380-172 21 N 114.9 94.4 21.0
380-173 -29 N 124.2 96.3 24.0
380-174 -73 N 131.0 96.6 25.1
380-175 21 N 114.9 94.0 23.6
380-181 21 N 107.7 88.3 21.5
380-182 -29 N 115.2 89.7 23.2
380-183 -73 N 125.2 92.3 21.9
380-184 21 N 109.3 88.3 23.3
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Table 7.5.1.3.1-4: Longitudinal Weld Smooth Tensile Data V0125 

 
 

 

 

 
Figure 7.5.1.3.1-1: Longitudinal Seam Weld Smooth Tensile Plot Sample 519-53 

 

7.5.1.3.2 Notch Tensile 
Notch tensile tests were not performed on this material. 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

CP344-3-41 26 N 117.5 94.4 16.6
CP344-3-28 25 N 108.1 89.5 16.7
CP344-3-40 25 N 117.0 94.8 17.5
CP344-3-27 24 N 110.2 92.3 13.9
CP344-3-52 24 N 115.7 92.9 16.6
CP344-3-51 24 N 112.4 90.5 16.7
CP344-3-29 -46 N 141.2 109.2 16.5
CP344-3-42 -46 N 152.4 114.7 20.6
CP344-3-53 -46 N 180.2 145.6 20.1
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7.5.1.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10). All other 

temperatures were tested in accordance with ASTM E1921 (7). Testing for both standards use specimen 
design S-226 Rev B with the thickness machined to maximum allowable thickness. All longitudinal seam 
weld fracture tests came from vessels V0125, V0032, MV50466-8, and V0023 and were tested with the 
crack plane in the N-P orientation as defined by ASTM. The specimens used were ASTM E1820 compact 
specimens (C(T)) with W = 1.0 inches and 0.2 inches ≤ B ≤ 0.375 inches, a/W = 2.0. All specimens were 
side-grooved to a total thickness reduction of 20%. The cutting diagram used to remove the C(T) 
specimens from the MV50466-8 wrapper is shown in Figure 7.5.1.3.3-3. Examples of Load Versus COD 
and Jq Versus Δa plots are shown in Figure 7.5.1.3.3-1 and Figure 7.5.1.3.3-2. 

 

 
Figure 7.5.1.3.3-1: Longitudinal Seam Weld Load Versus COD Plot, Sample 519-103 
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Figure 7.5.1.3.3-2: Longitudinal Seam Weld Jq Versus Δa Plot, Sample 519-103 
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Figure 7.5.1.3.3-3: Cut Plan for Fracture Specimens from MV50466-8 Seam Weld 

 

The test data in Table 7.5.1.3.3-1 are raw values obtained from fracture tests conducted on 
V0125 longitudinal seam weld material. Test results that are considered upper shelf are listed under 
ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet the 
complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, 
Jq and KJq convey valuable fracture toughness information, especially when the test results are applied 
directly to the sample material source. Material from the V0125 seam weld was tested as low as -46°C, 
however a cleavage failure was not seen. Therefore, no T0 Master Curve can be produced. However, it 
can be assumed that the transition temperature will be at a temperature below -46°C. 

Table 7.5.1.3.3-1: Seam Weld Fracture Data V0125 

 
 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

CP-344-3-34 23 N-P 0.9979 0.6019 0.6555 0.1885 0.1530 96 146 --- E1820
CP-344-3-21 22 N-P 0.9977 0.5987 0.6677 0.1882 0.1450 169 194 --- E1820
CP-344-3-46 21 N-P 0.9970 0.6293 0.6696 0.1891 0.1430 135 174 --- E1820
CP-344-3-47 21 N-P 0.9993 0.5985 0.6396 0.1898 0.1440 108 155 --- E1820
CP-344-3-23 -46 N-P 0.9983 0.6197 0.6623 0.1898 0.0154 124 166 --- E1820
CP-344-3-36 -46 N-P 0.9990 0.5987 0.6506 0.1880 0.1500 80 134 --- E1820
CP-344-3-48 -46 N-P 1.0012 0.6044 0.7928 0.1883 0.1568 63 118 --- E1820
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The test data in Table 7.5.1.3.3-2 are raw values obtained from fracture tests conducted on 
MV50466-8 longitudinal seam weld material. Test results that are considered upper shelf are listed 
under ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet the 
complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite 
invalidities, Jq and KJq convey valuable fracture toughness information, especially when the test results 
are applied directly to the sample material source. 

Table 7.5.1.3.3-2: Seam Weld Fracture Data MV50466-8 

 
 

 

 
Figure 7.5.1.3.3-4: MV50466-8 Seam Weld Center T0 Plot 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

440-167 21 N-P 0.9995 0.5048 0.5953 0.1951 0.1463 63 119 --- E1820
440-177 21 N-P 0.9986 0.5019 0.5894 0.1961 0.1540 50 106 --- E1820
440-230 -29 N-P 1.0011 0.5086 0.5802 0.1987 0.1618 63* 118 --- E1820
440-232 -29 N-P 1.0000 0.5050 0.5611 0.1996 0.1628 79 133 --- E1820
440-233 -46 N-P 1.0000 0.5052 0.5651 0.1946 0.1600 94* 145 --- E1820
440-234 -46 N-P 1.0000 0.5074 0.5751 0.1956 0.1630 98 148 --- E1820
440-214 -73 N-P 1.0006 0.5089 0.5162 0.1965 0.1607 26 76 57 E1921
440-215 -73 N-P 1.0000 0.5132 0.5170 0.1968 0.1573 31 84 62 E1921
440-235 -73 N-P 0.9999 0.5084 0.5184 0.1929 0.1558 67 122 88 E1921
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Results from the three E1921 tests are presented in Table 7.5.1.3.3-3 and Table 7.5.1.3.3-4. 
These results were obtained using the T0TEM Code described in Section 4.2. The T0 reference 
temperature for this data set was evaluated as -43°C using the E1921 Master Curve shown in Figure 
7.5.1.3.3-4. 

Table 7.5.1.3.3-3: Seam Weld Center T0 Individual Specimen Results, MV50466-8 

 
 

Table 7.5.1.3.3-4: MV50466-8 Seam Weld Center T0 Calculation Results 

 
 

The results of the E1921 analysis show that the seam weld material removed from the MV50466-
8 wrapper layer is macroscopically homogeneous. For this data set, the ductile-brittle transition 
temperature was found to be -43°C. This data set does not meet the E1921 validity criteria for a 
sufficient number of samples tested in an appropriate temperature range with Σ(ri ni) < 1.0. However, 
the tests conducted are consistent enough to consider the result useful. 

The test data in Table 7.5.1.3.3-5 are raw values obtained from fracture tests conducted on 
MV50466-8 longitudinal seam weld HAZ material. Test results that are considered upper shelf are listed 
under ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet the 
complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, 
Jq and KJq convey valuable fracture toughness information, especially when the test results are applied 
directly to the sample material source. 

 

Specimen 
Name 

Temperature 
(°C) 

KjcRaw 
(MPa*m^0.5) 

1T Data 
(MPa*m^0.5) 

Uncensored 
Data 

Test Temp -T0 
(°C) 

440-214 -73 76.3 57.5 1 -30 
440-215 -73 83.8 62.5 1 -30 
440-235 -73 122.1 87.7 1 -30 
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Table 7.5.1.3.3-5: Seam Weld HAZ Fracture Data MV50466-8 

 
 

Results from the ten E1921 tests is presented in Table 7.5.1.3.3-6 and Table 7.5.1.3.3-7. These 
results were obtained using the T0TEM Code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -44°C using the E1921 Master Curve shown in Figure 7.2.1.3.3-5. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

440-169 23 N-P 1.0027 0.5072 0.5741 0.1992 0.1590 50* 106 --- E1820
440-168 21 N-P 0.9983 0.5059 0.5621 0.2008 0.1580 36 90 --- E1820
440-178 21 N-P 0.9994 0.5034 0.5676 0.2032 0.1550 75 129 --- E1820
440-179 21 N-P 0.9979 0.5059 0.5865 0.2000 0.1575 26 76 --- E1820
440-225 -29 N-P 1.0006 0.5358 0.5669 0.1967 0.1606 41 96 71 E1921
440-226 -29 N-P 1.0000 0.5073 0.5653 0.1942 0.1600 92 143 --- E1820
440-203 -46 N-P 0.9999 0.5113 0.5779 0.1932 0.1566 34 87 --- E1820
440-204 -46 N-P 1.0004 0.5057 0.6104 0.1965 0.1585 83 136 --- E1820
440-208 -73 N-P 1.0003 0.5054 0.5164 0.1927 0.1533 46 102 74 E1921
440-211 -73 N-P 1.0003 0.5105 0.5193 0.1970 0.1656 31 83 62 E1921
440-212 -73 N-P 1.0005 0.5097 0.5708 0.1895 0.1488 76 131 93 E1921
440-216 -73 N-P 1.0002 0.5112 0.5160 0.1968 0.1586 34 88 65 E1921
440-217 -73 N-P 1.0003 0.5106 0.5121 0.1933 0.1569 22 70 53 E1921
440-218 -73 N-P 1.0001 0.5090 0.5317 0.1810 0.1430 15 58 45 E1921
440-219 -73 N-P 1.0002 0.5082 0.5111 0.1907 0.1568 14 55 43 E1921
440-227 -73 N-P 1.0006 0.5108 0.5252 0.1964 0.1594 18 64 49 E1921
440-228 -73 N-P 0.9994 0.5224 0.5414 0.1898 0.1517 83 136 97 E1921
440-229 -73 N-P 1.0000 0.5104 0.5146 0.1980 0.1576 12 51 41 E1921
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Figure 7.5.1.3.3-5: MV50466-8 Seam Weld HAZ T0 Plot 
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Table 7.5.1.3.3-6: MV50466-8 Seam Weld HAZ T0 Individual Specimen Results 

 
 

Table 7.5.1.3.3-7: MV50466-8 Seam Weld HAZ T0 Calculation Results 

 
 

The results of the E1921 analysis show that the seam weld HAZ material removed from the 
MV50466-8 wrapper layer is macroscopically inhomogeneous. For this data set, the ductile-brittle 
transition temperature was found to be -44°C. This data set meets the E1921 validity criteria for a 
sufficient number of samples tested in an appropriate temperature range with Σ(ri ni) ≥ 1.0. From 
examination of the fracture surfaces, there is reason to believe some samples may have tested closer to 
weld material than HAZ. The data set presents as multimodal inhomogeneous due to the difference in 
T0scrn and the initial T0. However, there are not enough samples to accurately characterize the likelihood 
of inhomogeneity. Therefore, the original T0 will be used. 

The test data in Table 7.5.1.3.3-8 are raw values obtained from fracture tests conducted on 
V0032 longitudinal seam weld material. Test results that are considered upper shelf are listed under 
ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet the 
complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, 
Jq and KJq convey valuable fracture toughness information, especially when the test results are applied 
directly to the sample material source. 

  

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

440-208 -73 101.9 74.3 1 -29
440-211 -73 82.7 61.8 1 -29
440-212 -73 130.7 93.0 0 -29
440-216 -73 87.6 65.0 1 -29
440-217 -73 69.9 53.1 1 -29
440-218 -73 58.4 45.1 1 -29
440-219 -73 55.3 43.3 1 -29
440-227 -73 63.7 49.1 1 -29
440-228 -73 136.3 96.8 1 -29
440-229 -73 50.9 40.6 1 -29

Initial T0 (°C) -44
Total Samples 10
Samples within T0 ± 50°C (N) 10
Number of Uncensored Data (r) 9
Poisson's Ratio 0.3
Σ(ri ni) 1.29
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 9
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -17
Homogenous or Inhomogeneous Inhomogeneous
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Table 7.5.1.3.3-8: Seam Weld Fracture Data V0032 

 
 

Results from the 14 E1921 tests are presented in Table 7.5.1.3.3-9 and Table 7.5.1.3.3-10. These 
results were obtained using the T0TEM Code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -84°C using the E1921 Master Curve shown in Figure 7.5.1.3.3-6. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

380-176 23 N-P 1.0011 0.5160 0.5687 0.1990 0.1596 127 169 --- E1820
380-177 23 N-P 1.0018 0.5093 0.5683 0.1996 0.1604 121 165 --- E1820
380-143 -29 N-P 0.9998 0.4942 0.5712 0.1912 0.1517 75 130 --- E1820
380-144 -46 N-P 1.0006 0.5088 0.5708 0.1984 0.1593 72 127 92 E1921
380-149 -73 N-P 1.0004 0.5045 0.5164 0.2007 0.1588 83 136 98 E1921
380-153 -73 N-P 0.9998 0.5279 0.5588 0.1996 0.1554 122 165 --- E1820
380-154 -73 N-P 1.0015 0.5096 0.5697 0.2003 0.1601 195 209 --- E1820
380-155 -84 N-P 1.0008 0.5084 0.5122 0.1996 0.1614 81 134 96 E1921
380-156 -84 N-P 1.0014 0.5339 0.5533 0.2005 0.1556 169 194 137 E1921
380-157 -84 N-P 1.0013 0.5228 0.5360 0.1998 0.1587 122 165 117 E1921
380-171 -84 N-P 1.0003 0.5033 0.5117 0.1999 0.1628 51 107 78 E1921
380-178 -107 N-P 1.0013 0.5066 0.5202 0.1995 0.1561 39 93 69 E1921
380-187 -107 N-P 1.0004 0.5080 0.5139 0.1986 0.1583 41 96 71 E1921
380-188 -107 N-P 1.0002 0.5065 0.5079 0.1981 0.1584 45 100 73 E1921
380-189 -107 N-P 0.9994 0.5030 0.5135 0.1997 0.1583 27 78 59 E1921
380-190 -107 N-P 1.0009 0.5035 0.5090 0.1991 0.1619 41 96 71 E1921
380-191 -107 N-P 1.0013 0.5074 0.5113 0.1982 0.1585 38 93 68 E1921
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Figure 7.5.1.3.3-6: V0032 Seam Weld T0 Plot 

 

Table 7.5.1.3.3-9: V0032 Seam Weld T0 Individual Specimen Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-144 -46 127.2 91.6 0 38
380-149 -73 136.5 98.0 1 10
380-153 -73 165.0 116.9 0 10
380-154 -73 208.6 136.6 0 10
380-155 -84 134.2 96.3 1 -1
380-156 -84 194.3 136.6 1 -1
380-157 -84 165.4 117.2 1 -1
380-171 -84 106.5 77.9 1 -1
380-178 -107 93.3 69.0 1 -23
380-187 -107 95.9 70.6 1 -23
380-188 -107 99.8 73.3 1 -23
380-189 -107 78.0 58.8 1 -23
380-190 -107 95.8 70.6 1 -23
380-191 -107 92.5 68.4 1 -23
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Table 7.5.1.3.3-10: V0032 Seam Weld T0 Calculation Results 

 
 

The results of the E1921 analysis show that the seam weld material removed from the V0032 
wrapper layer is macroscopically homogeneous. For this data set, the ductile-brittle transition 
temperature was found to be -84°C. This data set meets the E1921 validity criteria for a sufficient 
number of samples tested in an appropriate temperature range with Σ(ri ni) ≥ 1.0. 

The test data in Table 7.5.1.3.3-11 are raw values obtained from fracture tests conducted on 
V0032 longitudinal seam weld HAZ material. Test results that are considered upper shelf are listed under 
ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet the 
complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, 
Jq and KJq convey valuable fracture toughness information, especially when the test results are applied 
directly to the sample material source. 

Initial T0 (°C) -84
Total Samples 14
Samples within T0 ± 50°C (N) 14
Number of Uncensored Data (r) 11
Poisson's Ratio 0.3
Σ(ri ni) 1.69
Samples Between Ti - T0 50 to -14 °C 5
Samples Between Ti - T0 -15 to -35 °C 6
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -77
Homogenous or Inhomogeneous Homogenous
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Table 7.5.1.3.3-11: Seam Weld HAZ Fracture Data V0032 

 
 

Results from the 15 E1921 tests are presented in Table 7.5.1.3.3-12 and Table 7.5.1.3.3-13. These 
results were obtained using the T0TEM Code described in Section 4.2. The T0 reference temperature for 
this data set was evaluated as -26°C using the E1921 Master Curve shown in Figure 7.5.1.3.3-7.

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-150 -73 70.7 53.9 1 -47
380-151 -73 50.7 40.5 1 -47
380-152 -73 96.6 71.3 1 -47
380-158 -62 72.4 54.9 0 -36
380-163 -62 84.0 62.8 1 -36
380-165 -62 65.5 50.4 1 -36
380-166 -51 85.5 63.8 1 -25
380-167 -51 179.4 101.6 0 -25
380-168 -51 101.1 74.1 1 -25
380-169 -51 66.0 50.7 1 -25
380-170 -51 89.5 66.4 1 -25
380-179 -51 90.9 67.4 1 -25
380-180 -51 75.1 56.8 1 -25
380-185 -51 142.0 101.6 1 -25
380-186 -51 68.2 52.3 1 -25
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Figure 7.5.1.3.3-7: V0032 Seam Weld HAZ T0 Plot 

 

Table 7.5.1.3.3-12: V0032 Seam Weld HAZ T0 Individual Specimen Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-150 -73 70.7 53.9 1 -47
380-151 -73 50.7 40.5 1 -47
380-152 -73 96.6 71.3 1 -47
380-158 -62 72.4 54.9 0 -36
380-163 -62 84.0 62.8 1 -36
380-165 -62 65.5 50.4 1 -36
380-166 -51 85.5 63.8 1 -25
380-167 -51 179.4 101.6 0 -25
380-168 -51 101.1 74.1 1 -25
380-169 -51 66.0 50.7 1 -25
380-170 -51 89.5 66.4 1 -25
380-179 -51 90.9 67.4 1 -25
380-180 -51 75.1 56.8 1 -25
380-185 -51 142.0 101.6 1 -25
380-186 -51 68.2 52.3 1 -25
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Table 7.5.1.3.3-13 V0032 Seam Weld HAZ T0 Calculation Results 

 
 

The results of the E1921 analysis show that the seam weld HAZ material removed from 
the V0032 wrapper layer is macroscopically inhomogeneous. For this data set, the ductile-
brittle transition temperature was found to be -26°C. This data set meets the E1921 validity 
criteria for a sufficient number of samples tested in an appropriate temperature range with Σ(ri 

ni) ≥ 1.0. From examination of the fracture surfaces, there is reason to believe some samples 
may have tested closer to weld material than HAZ. The data set presents as multimodal 
inhomogeneous due to the difference in T0scrn and the initial T0. 

However, there are not enough samples to accurately characterize the likelihood of 
inhomogeneity. Therefore, the original T0 will be used. 

The test data in Table 7.5.1.3.3-14 are raw values obtained from fracture tests 
conducted on V0023 longitudinal seam weld material. Test results that are considered upper 
shelf are listed under ASTM E1820, while transition temperature test results are listed under 
E1921. Tests that meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted 
with an asterisk. Despite invalidities, Jq and KJq convey valuable fracture toughness information, 
especially when the test results are applied directly to the sample material source. 

Initial T0 (°C) -26
Total Samples 15
Samples within T0 ± 50°C (N) 15
Number of Uncensored Data (r) 13
Poisson's Ratio 0.3
Σ(ri ni) 1.77
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 8
Samples Between Ti - T0 -36 to -50 °C 5
T0scrn (°C) -15
Homogenous or Inhomogeneous Inhomogeneous
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Table 7.5.1.3.3-14: Seam Weld Fracture Data V0023 

 
 

 
Results from the 10 E1921 tests are presented in Table 7.5.1.3.3-15 and Table 

7.5.1.3.3-16. These results were obtained using the T0TEM Code described in Section 4.2. The T0 

reference temperature for this data set was evaluated as -65°C using the E1921 Master Curve 
shown in Figure 7.5.1.3.3-8. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

519-103 21 N-P 0.9991 0.5199 0.5979 0.2009 0.1579 79 133 --- E1820
519-104 21 N-P 0.9996 0.5208 0.5866 0.2016 0.1595 76 130 --- E1820
519-72 20 N-P 0.9997 0.5177 0.5849 0.1843 0.1467 88* 140 --- E1820
519-43 -84 N-P 0.9992 0.5162 0.5459 0.1984 0.1570 128 169 119 E1921
519-44 -84 N-P 1.0005 0.5193 0.5253 0.1999 0.1599 51 107 78 E1921
519-46 -84 N-P 1.0004 0.5255 0.5409 0.2015 0.1597 30 82 62 E1921
519-47 -84 N-P 1.0002 0.5155 0.5245 0.2016 0.1605 58 114 83 E1921
519-67 -96 N-P 1.0000 0.5212 0.5235 0.1892 0.1465 30 81 60 E1921
519-68 -96 N-P 0.9998 0.5140 0.5243 0.1998 0.1590 59 115 83 E1921
519-69 -96 N-P 0.9996 0.5289 0.5304 0.1909 0.1494 40 95 70 E1921
519-70 -96 N-P 0.9999 0.5128 0.5170 0.2019 0.1598 26 76 58 E1921
519-71 -96 N-P 0.9995 0.5097 0.5191 0.2016 0.1592 56 112 82 E1921
519-48 -96 N-P 0.9997 0.5232 0.5296 0.2003 0.1587 51 107 78 E1921
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Figure 7.5.1.3.3-8: V0023 Seam Weld T0 Plot 
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Table 7.5.1.3.3-15: V0023 Seam Weld T0 Individual Specimen Results 

 
 

Table 7.5.1.3.3-16: V0023 Seam Weld T0 Calculation Results 

 
 

The results of the E1921 analysis show that the seam weld material removed from the 
V0023 wrapper layer is macroscopically homogeneous. For this data set, the ductile-brittle 
transition temperature was found to be -65°C. This data set meets the E1921 validity criteria for 
a sufficient number of samples tested in an appropriate temperature range with Σ(ri ni) ≥ 1.0. 

The test data in Table 7.5.1.3.3-17 are raw values obtained from fracture tests 
conducted on V0023 longitudinal seam weld HAZ material. Tests that are considered upper 
shelf are listed under ASTM E1820, while transition temperature tests are listed under E1921. 
Tests that meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an 
asterisk. Despite invalidities, Jq and KJq convey valuable fracture toughness information, 
especially when the test results are applied directly to the sample material source. Specimen 
519-87 was machined to be a HAZ specimen, however the fracture surface indicates that it may 
have transitioned to mostly weld material during the test and therefore did not cleave. Because 
of this, it is listed as an E1820 test. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

519-43 -84 168.9 83.3 0 -20
519-44 -84 106.7 78.0 1 -20
519-46 -84 82.4 61.8 1 -20
519-47 -84 114.1 83.0 1 -20
519-48 -96 107.0 78.2 1 -31
519-67 -96 81.3 60.5 1 -31
519-68 -96 114.7 83.3 1 -31
519-69 -96 95.0 69.6 1 -31
519-70 -96 76.5 57.9 1 -31
519-71 -96 111.9 81.6 1 -31

Initial T0 (°C) -65
Total Samples 10
Samples within T0 ± 50°C (N) 10
Number of Uncensored Data (r) 9
Poisson's Ratio 0.3
Σ(ri ni) 1.29
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 9
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -65
Homogenous or Inhomogeneous Homogenous
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Table 7.5.1.3.3-17 Seam Weld HAZ Fracture Data V0023 

 
 

Results from the 12 E1921 tests are presented in Table 7.5.1.3.3-18 and Table 
7.5.1.3.3-19. These results were obtained using the T0TEM Code described in Section 4.2. The T0 

reference temperature for this data set was evaluated as 8°C using the E1921 Master Curve 
shown in Figure 7.5.1.3.3-9. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

519-90 -23 N-P 0.9998 0.5358 0.6204 0.1964 0.1582 40 94 --- E1820
519-95 -23 N-P 0.9992 0.5269 0.5310 0.2021 0.1592 35 88 --- E1820
519-93 -23 N-P 1.0000 0.5291 0.5734 0.2022 0.1546 80 134 96 E1921
519-94 -23 N-P 0.9999 0.5250 0.5628 0.2015 0.1617 70 125 90 E1921
519-98 -23 N-P 0.9998 0.6845 0.7652 0.1854 0.1514 42 97 70 E1921
519-92 -23 N-P 1.0004 0.5211 0.5294 0.2019 0.1616 35 88 65 E1921
519-97 -23 N-P 1.0008 0.5202 0.5312 0.2024 0.1582 30 82 62 E1921
519-91 -23 N-P 0.9991 0.5225 0.5247 0.1960 0.1597 29 81 60 E1921
519-96 -23 N-P 0.9999 0.5213 0.5213 0.2015 0.1612 27 78 59 E1921
519-87 -40 N-P 0.9998 0.5163 0.5823 0.2018 0.1640 63 118 --- E1820
519-89 -40 N-P 1.0006 0.5603 0.5641 0.2028 0.1626 29 81 61 E1921
519-88 -40 N-P 1.0008 0.5144 0.5183 0.2040 0.1659 27 78 59 E1921
519-65 -57 N-P 1.0001 0.5218 0.5346 0.1960 0.1583 50 105 77 E1921
519-64 -57 N-P 1.0000 0.5192 0.5252 0.1924 0.1539 28 80 59 E1921
519-66 -57 N-P 1.0003 0.5167 0.5213 0.2049 0.1632 21 69 53 E1921
519-63 -73 N-P 1.0000 0.5257 0.5351 0.2038 0.1641 42 97 72 E1921
519-62 -73 N-P 1.0000 0.5242 0.5283 0.2024 0.1636 17 62 48 E1921
519-61 -73 N-P 0.9999 0.5204 0.5215 0.2028 0.1630 14 57 45 E1921
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Figure 7.5.1.3.3-9: V0023 Seam Weld HAZ T0 Plot 

 

Table 7.5.1.3.3-18: : V0023 Seam Weld HAZ T0 Individual Specimen Results 

 
 

 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

519-87 -40 118.2 65.7 0 -48
519-88 -40 78.1 59.0 1 -48
519-89 -40 80.6 60.7 1 -48
519-90 -23 94.3 65.7 0 -31
519-91 -23 80.8 60.5 1 -31
519-92 -23 87.9 65.5 1 -31
519-93 -23 133.5 65.7 0 -31
519-94 -23 124.9 65.7 0 -31
519-95 -23 88.1 65.7 1 -31
519-96 -23 77.6 58.6 1 -31
519-97 -23 82.4 61.9 1 -31
519-98 -23 96.9 65.7 0 -31
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Table 7.5.1.3.3-19: V0023 Seam Weld HAZ T0 Calculation Results 

 
 

The results of the E1921 analysis show that the seam weld HAZ material removed from 
the V0023 wrapper layer is macroscopically homogeneous. For this data set, the ductile-brittle 
transition temperature was found to be 8°C. This data set meets the E1921 validity criteria for a 
sufficient number of samples tested in an appropriate temperature range with Σ(ri ni) ≥ 1.0. 

 

Initial T0 (°C) 8
Total Samples 12
Samples within T0 ± 50°C (N) 12
Number of Uncensored Data (r) 7
Poisson's Ratio 0.3
Σ(ri ni) 0.96
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 5
Samples Between Ti - T0 -36 to -50 °C 2
T0scrn (°C) 15
Homogenous or Inhomogeneous Homogenous
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Figure 7.5.1.3.3-10: Longitudinal Wrapper Weld and HAZ T0 Plot Combined 

7.5.1.3.4 Fatigue Crack Growth 
Sections of V0023 were tested to determine the fatigue crack growth rates according to 

ASTM E647 (11). Load ratios of R = 0.1 and R = 0.7 were chosen corresponding to load cycles, 
slight pressure variations, and nearly full pressure releases of the LPVs. These tests were 
conducted on the center of the longitudinal seam weld found in the second wrapper layer as 
seen in Figure 7.5.1.3.4-1 and Figure 7.5.1.3.4-2. Table 7.5.1.3.4-1 and Table 7.5.1.3.4-2 show 
the test matrix and threshold result of each E647 test conducted. The individual fatigue growth 
curves are shown in Figure 7.5.1.3.4-3 through Figure 7.5.1.3.4-6. These curves are input into 
NASGRO to create material data packages used for structural analysis and crack growth 
prediction. 
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Figure 7.5.1.3.4-1: Specimen Cut Plan da/dN V0023 Seam Weld 
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Figure 7.5.1.3.4-2: Specimen Cut Plan da/dN V0023 Seam Weld (Continued) 
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Table 7.5.1.3.4-1: V0023 Seam Weld da/dN Test Matrix 

 
 

Table 7.5.1.3.4-2: V0023 Seam Weld da/dN Results 

 
 

Lot Material Orientation
Stock 

Thickness
Specimen 
Thickness Machine R=0.1 R=0.7 Spares

V23 2AB LW Weld NP 0.5 0.2 6 2 2 2

Specimen ID Temperature (°F) R-Ratio Segment C
(1/in) Frequency (Hz) Threshold (K) 

(KSI√in) Location

A -20 30
B 6 30
A -20 30
B 6 30
A -20 30
B 6 30
A -20 30
B 6 30

2.828 Wrapper Weld

2.804 Wrapper Weld

4.595 Wrapper Weld

3.778 Wrapper Weld0.1

0.7

0.7

0.1V23-2AB-LW-1

V23-2AB-LW-2

V23-2AB-LW-3

V23-2AB-LW-4 75

75

75

75
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Figure 7.5.1.3.4-3: V0023-2AB-LW-1 Plot R = 0.1 
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Figure 7.5.1.3.4-4: V0023-2AB-LW-2 Plot R = 0.1 
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Figure 7.5.1.3.4-5: V0023-2AB-LW-3 Plot R = 0.7 

 

 



Page 368 of 466 

 
Figure 7.5.1.3.4-6: V0023-2AB-LW-4 Plot R = 0.7 

 

7.5.1.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 
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7.5.2 Inner Layer Weld 
Inner layer welds are welds used to join the inner layer of a LPV to itself or to another 

course of inner layer material. During manufacturing, inner layers were assembled first to 
create the base of the vessel, and the intermediate and outer layers were wrapped around 
after. During to this process, inner layer welds were fully inspected and given post weld heat 
treatment. Inner layer welds do not typically suffer from porosity, lack of fusion, or significant 
residual weld stresses. Inner layers are usually thicker than the wrapper layers, typically 
measuring 0.375 inches to 0.5 inches. When the first wrapper layer is applied, the inner layer is 
used as a backer and becomes fixed to the first wrapper. Longitudinal welds are offset in the 
circumferential direction around the LPV so as not to overlap directly, however, circumferential 
inner welds do cross wrapper longitudinal welds. This is due to the mismatch in material length, 
inner shell courses being generally shorter and require more circumferential welds to achieve 
the desired overall length. Overall, inner layer welds are of higher quality, with less residual 
stress than the shell layer welds. 

7.5.2.1 Chemical Composition 
Weld material specifications are not typically available or verifiable, therefore the 

chemical composition reported is only of the collected test data. Data is only from the weld 
center, HAZ chemistry is that of the parent plate material. Table 7.5.2.1-1 presents data 
collected from inner welds of dissected vessels. 

Table 7.5.2.1-1: Collected Chemistry Data 

 
 

7.5.2.2 Metallography 
Metallography tests were performed on this material to observe number of weld passes 

and basic orientation of microstructure. This was done in order to confirm the tested 
orientation as the weakest and to identify weld order, HAZ location and size, and grain 
structure.  Thus, grain orientation studies were performed, but grain size, grain size through 
thickness, and carburization layer thickness studies were not, and no macro cubes were 
produced. 

Grain Orientation Study 

The grain orientation study is a polish and etch of a weld cross section. Its purpose is to 
confirm the correct orientation for fracture testing. In this case, the P orientation, parallel to 
the weld path, was found to be the most realistic and proper orientation for further tests. 

Vessel Location C Si Mn P S Cr Mo Ni Cu V
V0023 Inner Circ 0.08 0.82 1.77 0.019 0.019 0.078 0.350 0.150 0.110 0.030

V32 Inner Seam 0.09 0.77 1.52 0.019 0.020 0.080 0.340 0.240 0.220 0.048
V0348 Inner Seam 0.14 0.39 0.91 0.016 0.031 0.048 0.057 0.024 0.092 0.061
V125 Inner Seam 0.15 0.60 1.61 0.020 0.023 0.091 0.290 0.410 0.099 0.068

MV50466-8 Inner Seam 0.11 0.19 1.15 0.017 0.018 0.110 0.390 2.370 0.085 0.062
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Figure 7.5.2.2-1: Cut Plan for Macros from MV50466-8 Seam Weld 

 

The macros shown in figures Figure 7.5.2.2-2, Figure 7.5.2.2-3, Figure 7.5.2.2-4, and 
Figure 7.5.2.2-5 were extracted from the cross-sections of MV50466-8, V0032, V0023, and 
V0125 inner layer welds, near the location of tensile and fracture test specimens. 

 

 
Figure 7.5.2.2-2: MV50466-8 Inner Weld Macro 
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Figure 7.5.2.2-3: V0032 Inner Weld Macro 

 

 
Figure 7.5.2.2-4: V0032 Inner Weld Macro 
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Figure 7.5.2.2-5: V0125 Inner Weld Macro 

 

Hardness 

Hardness traces were conducted on some inner layer welds to help identify the degree of 
variance in material properties and stress concentrations across the parent-weld-parent span. 
These were used to identify areas of concern and direct testing towards less favorable material 
conditions which would indicate worst-case crack scenarios. 

Inner Cylinder 
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Figure 7.5.2.2-6: V0125 Inner Weld Indent Locations 

 

 
Figure 7.5.2.2-7: V0125 Inner Weld Hardness Trace 

 

Inner Shell 
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Figure 7.5.2.2-8: V0023 Inner Weld Indent Locations 

 

 
Figure 7.5.2.2-9: V0023 Inner Weld Hardness Map 
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Figure 7.5.2.2-10: V0023 Inner Weld Hardness Distribution 

 

7.5.2.3 Mechanical Properties 
Mechanical properties for the weld metal vary by manufacturer and application 

parameters and are only characterized by the tests documented in this section. 

7.5.2.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted on round specimens at MSFC according to ASTM 

E8, “Standard Test Methods for Tension Testing of Metallic Materials” (51) using specimen 
design S-219 Rev A. The mechanical test frame consisted of a servo-hydraulic actuator and 
reaction frame. The frame used an LVDT for displacement feedback. Stress measurements were 
derived from load measurements and the initial specimen measurements. Strain measurements 
were derived from an extensometer and the initial specimen measurements. 

Attempts to run tensile tests on HAZ material were inconclusive as properties either 
matched weld material or parent material. Many tests had extensometer slippage or breakage 
outside of the gauge section, rendering the fracture elongation values suspect. 

The results obtained from testing of inner layer welds from vessels MV50466-8, V0125, V0032, 
and V0023 are presented in  Table 7.5.2.3.1-1 through Table 7.5.2.3.1-4. Figure 7.5.2.3.1-1 
shows a typical engineering stress-strain curve. 
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Table 7.5.2.3.1-1: Inner Weld Smooth Tensile Data, MV50466-8 

 
 

Table 7.5.2.3.1-2: Inner Weld Smooth Tensile Data, V0023 

 
 

Table 7.5.2.3.1-3: Inner Weld Smooth Tensile Data, V0032 

 
 

Table 7.5.2.3.1-4: Inner Weld Smooth Tensile Data, V0125 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

440-325 21 N 104.1 85.1 6.3
440-326 21 N 103.7 86.9 2.7

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

519-195 21 N 103.1 92.2 3.3
519-196 21 N 105.0 97.9 2.5
519-197 21 N 107.9 96.2 4.7
519-205 21 N 119.1 101.5 9.0
519-206 21 N 116.9 100.9 6.1
519-207 21 N 116.6 105.3 4.6
519-208 21 N 120.7 104.1 8.7
519-209 21 N 119.2 102.8 18.5

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

380-122 21 N 102.7 88.3 21.9
380-125 21 N 102.5 87.9 21.4
380-123 -46 N 107.4 90.5 17.3
380-124 -101 N 112.9 95.9 23.8

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

CP-344-3-10 21 N 101.9 83.8 5.0
CP-344-3-11 21 N 101.6 88.8 4.0
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Figure 7.5.2.3.1-1: Inner Layer Weld Smooth Tensile Plot for Sample 519-206 

 

Inner layer weld tensile tests can be difficult to interpret due to the sample passing 
through multiple weld passes, usually including backfill passes. The multiple weld boundaries, 
HAZ, and even different weld metals can produce inconsistent failure modes and elongations. 
Therefore, the main purpose of these tests is to roughly estimate mechanical properties for 
application to actual fracture toughness tests. No conclusions should be drawn from the 
fracture elongation or curve shape. 

7.5.2.3.2 Notch Tensile 
Notch tensile tests were not performed on this material. 

7.5.2.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10). All 

other temperatures were tested in accordance with ASTM E1921  (7). Testing for both 
standards use specimen design S-226 Rev B. Inner layer weld fracture tests came from vessels 
MV50466-8, V0023, V0032, and V0125. The samples tested had the crack plane in the N-P 
orientation as defined by ASTM. The HAZ was tested for V0023 only. All specimens were side-
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grooved to a total thickness reduction of 20%. The cutting diagram used to remove the C(T) 
specimens from the V0023 head-to-shell weld is shown in Figure 7.5.2.3.3-3. Examples of Load 
Versus COD and Jq Versus Δa plots are shown in Figure 7.5.2.3.3-1 and Figure 7.5.2.3.3-2. 

 
Figure 7.5.2.3.3-1: Inner Layer Weld Load Versus COD Plot, Sample 519-191 
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Figure 7.5.2.3.3-2: Inner Layer Weld Jq Versus Δa Plot, Sample 519-191 
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Figure 7.5.2.3.3-3: Cut Plan for Fracture Specimens from MV50466-8 Inner Weld 

 

The test data in Table 7.5.2.3.3-1 are raw values obtained from fracture tests conducted 
on V0125 inner layer weld material. Test results that are considered upper shelf are listed 
under ASTM E1820, while transition temperature test results are listed under E1921. Tests that 
meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 
Despite invalidities, Jq and KJq convey valuable fracture toughness information, especially when 
the test results are applied directly to the sample material source. 

Table 7.5.2.3.3-1: Inner Layer Weld Fracture Toughness Data, V0125 

 
 

 

Results from the single E1921 test are presented in Table 7.5.2.3.3-2 and Table 
7.5.2.3.3-3. These results were obtained using the T0TEM Code described in Section 4.2. The T0 

reference temperature for this data set was evaluated as -19°C using the E1921 Master Curve 
shown in Figure 7.5.2.3.3-4. 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

CP-344-3-4 26 N-P 1.0010 0.6063 0.6787 0.3770 0.3000 100 150 --- E1820
CP-344-3-5 23 N-P 1.0007 0.6266 0.6876 0.3779 0.3000 90 142 --- E1820
CP-344-3-6 -46 N-P 1.0002 0.6719 0.6832 0.3780 0.3040 38 92 --- E1820
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Table 7.5.2.3.3-2: Inner Layer Weld T0 Individual Specimen Results, V0125 

 
 

Table 7.5.2.3.3-3: Inner Layer Weld T0 Calculation Results, V0125 

 
 

The results of the E1921 analysis show that the weld material removed from the inner 
layer weld is macroscopically homogenous, indicating consistent properties throughout the 
sampled material. For this data set, the ductile-brittle transition temperature was found to be 
19°C. This result does not meet the E1921 validity criteria for a sufficient number of samples 
tested in an appropriate temperature range with Σ(ri ni) < 1.0. Since there was only one sample 
tested close enough to T0 to be used in a Master Curve, the results of this analysis should be 
taken with extreme caution. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

CP-344-3-6 -46 92.3 76.7 1 -27

Initial T0 (°C) -19
Total Samples 1
Samples within T0 ± 50°C (N) 1
Number of Uncensored Data (r) 1
Poisson's Ratio 0.3
Σ(ri ni) 0.14
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 1
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -19
Homogenous or Inhomogeneous Homogenous
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Figure 7.5.2.3.3-4: Inner Layer Weld T0 Plot, V0125 

 

The following test data are raw values obtained from fracture tests conducted on 
MV50466-8 inner layer weld material. Test results that are considered upper shelf are listed 
under ASTM E1820, while transition temperature test results are listed under E1921. Tests that 
meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 
Despite invalidities, Jq and KJq convey valuable fracture toughness information, especially when 
e test results are applied directly to the sample material source. 

Table 7.5.2.3.3-4 presents raw test data obtained from fracture tests conducted on 
V0032 inner layer weld material. Test results that are considered upper shelf are listed under 
ASTM E1820, while transition temperature test results are listed under E1921. Tests that meet 
the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 
Despite invalidities, Jq and Kjq convey valuable fracture toughness information, especially when 
the test results are applied directly to the sample material source. 
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Table 7.5.2.3.3-4: Inner Layer Weld Fracture Toughness Data, V0032 

 
 

Results from the five E1921 tests are presented in Table 7.5.2.3.3-5 and Table 
7.5.3.3.3-6. These results were obtained using the T0TEM Code described in Section 4.2. The T0 

reference temperature for this data set was evaluated as 17°C using the E1921 Master Curve 
shown in Figure 7.5.2.3.3-5. 

 
Table 7.5.2.3.3-5: Inner Layer Weld T0 Individual Specimen Results, V0032 

 
 

Table 7.5.2.3.3-6: Inner Layer Weld T0 Calculation Results, V0032 

 
 

The results of the E1921 analysis show that the weld material removed from the inner 
layer weld is macroscopically homogeneous, indicating consistent properties throughout. For 
this data set, the ductile-brittle transition temperature was found to be 17°C. This result does 
not meet the E1921 validity criteria for a sufficient number of samples tested in an appropriate 
temperature range with Σ(ri ni) < 1.0. However, because the results are consistent and the tests 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

380-121 22 N-P 0.9971 0.5423 0.6324 0.3729 0.3073 87 140 --- E1820
380-120 0 N-P 0.9988 0.5764 0.5868 0.3735 0.3128 68 123 101 E1921
380-126 0 N-P 0.9979 0.5382 0.5519 0.3726 0.3098 50 105 87 E1921
380-127 0 N-P 0.9959 0.5404 0.5425 0.3732 0.3092 25 75 63 E1921
380-118 -12 N-P 0.9979 0.5440 0.5532 0.3745 0.3122 43 98 81 E1921
380-119 -12 N-P 0.9991 0.5286 0.5286 0.3740 0.3115 21 68 58 E1921
380-117 -46 N-P 0.9965 0.5318 0.5366 0.3722 0.3093 25 75 63 E1921
380-116 -73 N-P 0.9968 0.5189 0.5192 0.3739 0.3098 7 41 36 E1921

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-118 -12 97.7 80.8 1 -29
380-119 -12 68.3 57.8 1 -29
380-120 0 123.0 100.5 1 -17
380-126 0 105.5 86.8 1 -17
380-127 0 75.1 63.1 1 -17

Initial T0 (°C) 17
Total Samples 5
Samples within T0 ± 50°C (N) 5
Number of Uncensored Data (r) 5
Poisson's Ratio 0.3
Σ(ri ni) 0.71
Samples Between Ti - T0 50 to -14 °C 0
Samples Between Ti - T0 -15 to -35 °C 5
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) 17
Homogenous or Inhomogeneous Homogenous
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were only two samples short of validity, the Master Curve can be considered sufficiently 
accurate to use for evaluation. 

 
Figure 7.5.2.3.3-5: Inner Layer Weld T0 Plot, V0032 

 

The test data in Table 7.5.2.3.3-7 are raw values obtained from fracture tests conducted 
on V0023 inner layer weld material. Test results that are considered upper shelf are listed 
under ASTM E1820, while transition temperature test results are listed under E1921. Tests that 
meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 
Despite invalidities, Jq and KJq convey valuable fracture toughness information, especially when 
the test results are applied directly to the sample material source. 

Table 7.5.2.3.3-7: Inner Layer Weld Fracture Toughness Data, V0023 
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Results from the four E1921 tests are presented in Table 7.5.2.3.3-8 and Table 
7.5.2.3.3-9. These results were obtained using the T0TEM Code described in Section 4.2. The T0 

reference temperature for this data set was evaluated as -1°C using the E1921 master curve 
shown in Figure 7.5.2.3.3-6. 

Table 7.5.2.3.3-8: Inner Layer Weld T0 Individual Specimen Results, V0023 

 
 

Table 7.5.2.3.3-9: Inner Layer Weld T0 Calculation Results, V0023 

 
 

The results of the E1921 analysis show that the weld material removed from the inner 
layer weld is macroscopically homogeneous, indicating consistent properties throughout. For 
this data set, the ductile-brittle transition temperature was found to be -1°C. This result does 
not meet the E1921 validity criteria for a sufficient number of samples tested in an appropriate 
temperature range with Σ(ri ni) < 1.0. However, due to the consistency of the results, the Master 
Curve can be considered a reasonably accurate description of the transition temperature. 
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Figure 7.5.2.3.3-6: Inner Layer Weld T0 Plot, V0023 

 

The test data in Table 7.5.2.3.3-10 are raw values obtained from fracture tests 
conducted on V0023 inner layer weld HAZ material. Test results that are considered upper shelf 
are listed under ASTM E1820, while transition temperature test results are listed under E1921. 
Tests that meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an 
asterisk. Despite invalidities, Jq and KJq convey valuable fracture toughness information, 
especially when the test results are applied directly to the sample material source. 

Table 7.5.2.3.3-10: Inner Layer Weld HAZ Fracture Toughness Data, V0023 

 
 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

519-192 21 T-L 0.9999 0.5164 0.5257 0.3529 0.2827 63 118 96 E1921
519-193 21 T-L 0.9997 0.5099 0.6403 0.3522 0.2788 58 114 92 E1921
519-201 21 T-L 0.9988 0.5216 0.6134 0.3013 0.2399 55 111 88 E1921
519-202 21 T-L 0.9993 0.5330 0.6897 0.3503 0.2792 50 105 86 E1921
519-203 22 T-L 0.9995 0.5445 0.6695 0.3457 0.2730 44 99 81 E1921
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Results from the five E1921 tests is presented in Table 7.5.2.3.3-11 and Table 
7.5.2.3.3-12. These results were obtained using the T0TEM Code described in Section 4.2. The T0 

reference temperature for this data set was evaluated as -27°C using the E1921 Master Curve 
shown in Figure 7.5.2.3.3-7. 

Table 7.5.2.3.3-11: Inner Layer Weld HAZ T0 Individual Specimen Results, V0023 

 
 

Table 7.5.2.3.3-12: Inner Layer Weld HAZ T0 Calculation Results, V0023 

 
 

The results of the E1921 analysis show that the HAZ material removed from the inner 
layer weld HAZ is macroscopically homogeneous, indicating consistent properties throughout. 
For this data set, the ductile-brittle transition temperature was found to be -27°C. This result 
does not meet the E1921 validity criteria for a sufficient number of samples tested in an 
appropriate temperature range with Σ(ri ni) < 1.0. The properties of the HAZ are similar to that 
of parent plate material and show significant ductile instability at low K values, resulting in 
violations of the crack extension censoring without reaching the target KJ = 100 MPa√m for 
Master Curve calculation. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

519-192 -18 118.3 95.8 1 10
519-193 -18 113.5 92.0 0 10
519-201 -18 111.2 87.6 0 10
519-202 -18 105.4 85.7 0 10
519-203 -18 99.2 80.7 0 10

Initial T0 (°C) -27
Total Samples 5
Samples within T0 ± 50°C (N) 5
Number of Uncensored Data (r) 1
Poisson's Ratio 0.3
Σ(ri ni) 0.17
Samples Between Ti - T0 50 to -14 °C 1
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -3
Homogenous or Inhomogeneous Homogenous
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Figure 7.5.2.3.3-7: Inner Layer Weld HAZ T0 Plot, V0023  
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Figure 7.5.2.3.3-8: Inner Weld Combined T0 Plot 

 

7.5.2.3.4 Fatigue Crack Growth 
Sections of V0023 were tested to determine the fatigue crack growth rates according to 

ASTM E647 (11). Load ratios of R = 0.1 and R = 0.7 were chosen corresponding to load cycles 
resulting from slight pressure variations and nearly full pressure releases of the LPVs. These 
tests were conducted on the center of the circumferential seam weld found in the second 
wrapper layer as seen in Figure 7.5.2.3.4-1 and Figure 7.5.2.3.4-2. Table 7.5.2.3.4-1 and Table 
7.5.2.3.4-2 show the test matrix and threshold result of each E647 test conducted. The 
individual fatigue growth curves are shown in Figure 7.5.2.3.4-3through Figure 7.5.2.3.4-6. 
These curves are input into NASGRO to create material data packages used for structural 
analysis and crack growth prediction. 
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Figure 7.5.2.3.4-1: Specimen Cut Plan da/dN V0023 Inner Layer Weld 

 

 
Figure 7.5.2.3.4-2: Specimen Cut Plan da/dN V0023 Inner Layer Weld (Continued) 
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Table 7.5.2.3.4-1: V0023 Inner Layer Weld da/dN Test Matrix 

 
 

Table 7.5.2.3.4-2: V0023 Inner Layer Weld da/dN Results 

 
 

Lot Material Orientation
Stock 

Thickness
Specimen 
Thickness Machine R=0.1 R=0.7 Spares

V23 0AB Inner LW Weld NP 0.5 0.375 6 2 2 2

Specimen ID Temperature (°F) R-Ratio Segment C
(1/in) Frequency (Hz) Threshold (K) 

(KSI√in) Location

A -20 30
B 6 30
A -20 20
B 6 20
A -20 20
B 6 20
A -20 20
B 6 20

2.692 Inner Weld

5.193 Inner Weld

4.182 Inner Weld

2.579 Inner Weld

0.1

0.1

0.7

0.7V23-0AB-LW-4

V23-0AB-LW-1

V23-0AB-LW-2

V23-0AB-LW-3

75

75

75

75
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Figure 7.5.2.3.4-3: V0023-0AB-LW-1 Plot R = 0.1 
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Figure 7.5.2.3.4-4: V0023-0AB-LW-2 Plot R = 0.1 
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Figure 7.5.2.3.4-5: V0023-0AB-LW-3 Plot R = 0.7 
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Figure 7.5.2.3.4-6: V0023-0AB-LW-4 Plot R = 0.7 

 

 

7.5.2.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 
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7.5.3 Full Thickness Circumferential Welds  
Full thickness circumferential welds are welds that penetrate the full thickness of the 

vessel from the inner to the outer surface. Their purpose is to connect major sections of the 
vessel together. These welds are found in two common locations: at the head-to-shell interface 
and the shell-to-shell interface. Head-to-shell welds connect the layered shell courses to the 
monolithic vessel heads at each end of the LPV. Shell-to-shell welds connect layered full 
thickness shell courses to each other. Not all vessels contain shell-to-shell welds, typically these 
welds are found only in vessels that exceed the length of standard plate materials. However, all 
vessels contain head-to-shell welds. There are many different aspects that affect the structural 
properties of these welds, primarily the joining of different steel types and material thicknesses 
at the head-to-shell interface. These tests cited within this section characterize the weld 
deposit material, as well as the HAZ on the head side of head-to-shell welds. The HAZ on the 
layer side of the weld is impossible to test due to material constraints but is considered to be 
characterized by shell parent and longitudinal weld HAZ material tests. 

7.5.3.1 Chemical Composition 
Weld material specifications are not typically available or verifiable, therefore the 

chemical composition reported is only of the collected data. Data is only from the weld center. 
The HAZ chemistry is that of the parent plate material. Table 7.5.3.1-1 provides data collected 
from vessel welds in dissected vessels. 
 

Table 7.5.3.1-1: Collected Chemistry Data 

 
 

 

7.5.3.2 Metallography 
Metallography tests were performed on this material to observe number of weld passes 

and basic orientation of the microstructure. This was done in order to confirm the tested 
orientation as the weakest and to identify weld order, HAZ location and size, and grain 
structure. Only grain orientation studies were performed.  No grain size, grain size through 
thickness, or carburization layer thickness studies were done, and no macro cubes were 
produced. 

 

Vessel Location C Si Mn P S Cr Mo Ni Cu V
MV50466-8 Head to Shell Inner Layer 0.072 0.29 0.73 0.015 0.017 0.03 0.47 1.84 0.06 0.18
MV50466-8 Head to Shell Wrap Layer 0.073 0.3 0.76 0.013 0.026 0.031 0.48 1.88 0.11 0.17

V0023 Head to Shell Inner Layer 0.077 0.28 0.74 0.019 0.023 0.032 0.48 1.86 0.051 0.19
V0023 Head to Shell Wrap Layer 0.08 0.31 0.78 0.012 0.025 0.048 0.44 1.75 0.088 0.17
V0023 Shell to Shell Inner Layer 0.11 0.27 0.84 0.022 0.042 0.058 0.52 1.85 0.11 0.22
V0023 Shell to Shell Wrap Layer 0.1 0.28 0.81 0.017 0.04 0.052 0.49 1.83 0.1 0.2

V32 Head to Shell Inner Layer 0.052 0.41 1.71 0.015 0.018 0.16 0.32 1.55 0.09 0.022
V32 Head to Shell Wrap Layer 0.08 0.29 0.74 0.016 0.026 0.051 0.48 1.99 0.12 0.2
V125 Head to Shell Inner Layer 0.054 0.47 1.71 0.013 0.019 0.12 0.27 1.01 0.065 0.029
V125 Head to Shell Wrap Layer 0.062 0.29 1.44 0.011 0.022 0.23 0.37 1.47 0.079 0.028
V066 Head to Shell Wrap Layer 0.07 0.4 1.31 0.012 0.011 0.3 0.52 2.37 0.49 0.008
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Grain Orientation Study  

The grain orientation study is a polish and etch of a weld cross section. Its purpose is to 
confirm the correct orientation for fracture testing. In this case, the P orientation, parallel to 
the weld path, is found to be the most realistic and proper orientation for further tests. 

 
Figure 7.5.3.2-1: Cut Plan for Macros from V0023 Head-to-Shell Weld 

 

The following macros were extracted from the cross-section of LPVs V0125, V0032, 
MV50466-8, and V0023 near the location of tensile and fracture test specimens. 
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Figure 7.5.3.2-2 MV50466-8 Head-to-Shell Weld Macro (with Longitudinal Weld Intersection) 
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Figure 7.5.3.2-3: V0125 Head-to-Shell Weld Macro 

 

 
Figure 7.5.3.2-4: V0032 Head-to-Shell Weld Macro 
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Figure 7.5.3.2-5: V0023 Head-to-Shell Weld Macro 
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Figure 7.5.3.2-6: V0023 Shell-to-Shell Weld Macro 
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Hardness 

Hardness traces were conducted on some full thickness welds to help identify the 
degree of variance in material properties and stress concentrations across the parent-weld-
parent span. These were used to identify areas of concern and direct testing towards less 
favorable material conditions that would indicate worst-case crack scenarios. 

 
Figure 7.5.3.2-7: V0125 Head-to-Shell Weld Indent Locations 
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Figure 7.5.3.2-8: V0125 Head-to-Shell Weld Traces 1 and 2 

 

 
Figure 7.5.3.2-9: V0125 Head-to-Shell Weld Traces 3,4, and 5 
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Figure 7.5.3.2-10: MV50466-8 Head-to-Shell Weld Indent Location 
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Figure 7.5.3.2-11: MV50466-8 Head-to-Shell Weld Section A 

*Note: Scale: 200-400 HV, Spacing: 0.3 mm 
 

 

 
Figure 7.5.3.2-12: MV50466-8 Head-to-Shell Weld Section B 

*Note: Scale: 200-400 HV, Spacing: 0.3mm 
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Figure 7.5.3.2-13: MV50466-8 Head-to-Shell Weld Section 
Note:  Scale:  200-400 HV, spacing 0.3 mm 
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Figure 7.5.3.2-14: MV50466-8 Head-to-Shell Weld Section D 

Note: Scale: 200-400 HV, Spacing: 0.3mm (0.15 mm around crack) 
 

 
Figure 7.5.3.2-15: MV50466-8 Head-to-Shell Weld Hardness Frequency Comparison 
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Figure 7.5.3.2-16: MV50466-8 Head-to-Shell Weld Full Hardness Map 
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7.5.3.3 Mechanical Properties 
Mechanical properties for the weld metal vary by manufacturer and application 

parameters and are only characterized by the tests documented in the following sections. 

7.5.3.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens in accordance with 

ASTM E8, “Standard Test Methods for Tension Testing of Metallic Materials” (51) using 
specimen design S-219 Rev A. The mechanical test frame consisted of a servo-hydraulic 
actuator and reaction frame. The frame used an LVDT for displacement feedback. Stress 
measurements were derived from load measurements and the initial specimen measurements. 
Strain measurements were derived from an extensometer and the initial specimen 
measurements. 

Attempts to run tensile tests on HAZ material were inconclusive as properties either 
matched weld material or parent material.  Many weld tests also had extensometer slippage or 
broke outside of the gauge section. Therefore, the fracture elongation values are considered 
suspect. 

The results obtained from testing of full thickness welds from vessels MV50466-8, 
V0125, V0032, V0023, and V0066 are presented in Table 7.5.3.3.1-1 through Table 7.5.3.3.1-5. 
A typical engineering stress-strain curve is shown in Figure 7.5.3.3.1-1. 

 

Table 7.5.3.3.1-1: Head-to-Shell Weld Smooth Tensile Data MV50466-8 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

440-315 21 P 117.8 112.5 12.0
440-316 21 P 128.5 120.7 20.0
440-317 300 P 116.0 103.6 18.0
440-318 300 P 116.5 103.8 17.0
440-319 500 P 92.5 83.2 19.0
440-320 500 P 90.9 83.5 16.0
440-321 700 P 41.7 39.5 12.0
440-322 700 P 41.4 36.9 19.0
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Table 7.5.3.3.1-2: Head-to-Shell Weld Smooth Tensile Data V0125 

 
 

 

Table 7.5.3.3.1-3: Head-to-Shell Weld Smooth Tensile Data V0032 

 
 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

CP-344-8-3 21 P 132.4 116.2 14.8
CP-344-8-10 21 N 109.5 97.2 19.6
CP-344-8-11 21 N 100.2 90.2 1.9
CP-344-8-14 21 N 107.5 95.1 19.1
CP-344-8-15 21 N 95.4 79.8 3.4
CP-344-8-16 21 N 108.1 96.1 20.2
CP-344-8-17 21 N 95.4 81.1 8.8
CP-344-8-26 21 P 111.5 100.3 25.2
CP-344-8-8 21 N 108.5 97.3 20.4
CP-344-8-9 21 N 99.7 91.8 1.2

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

380-234 21 N 107.8 92.9 19.7
380-235 21 N 110.5 94.9 19.7
380-240 21 N 116.4 104.3 12.1
380-241 21 N 115.3 103.2 17.6
380-236 -46 N 119.7 95.6 9.9
380-242 -46 N 120.4 105.4 15.2
380-237 -101 N 127.6 98.8 9.9
380-238 -101 N 125.9 99.3 10.9
380-243 -101 N 126.3 108.9 20.6
380-244 -101 N 123.2 105.6 23.7
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Table 7.5.3.3.1-4: Head-to-Shell Weld Smooth Tensile Data V0023 

 
 

 

Table 7.5.3.3.1-5: Shell-to-Shell Weld Smooth Tensile Data V0066 

 
 

 

 

 

 

 

 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

519-310 21 N 115.2 107.0 10.0
519-314 21 N 121.1 104.8 23.5
519-315 21 N 105.9 94.4 17.8
519-318 21 N 112.2 101.4 16.4
519-320 21 N 109.9 97.7 19.6
519-311 -46 N 107.4 95.2 20.1
519-312 -46 N 123.1 108.5 24.6
519-313 -101 N 116.6 103.2 21.9
519-317 -101 N 126.5 108.0 23.9

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

629-28 21 N 114.5 102.8 12.4
629-32 21 N 115.2 105.7 16.6
629-36 21 N 121.0 106.3 7.1
629-29 -46 N 126.9 110.6 22.0
629-33 -46 N 125.1 110.8 22.1
629-37 -46 N 124.8 105.7 14.9
629-30 -101 N 132.1 109.8 22.2
629-34 -101 N 131.2 110.9 18.3
629-38 -101 N 140.7 120.5 13.0
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Figure 7.5.3.3.1-1: Full Thickness Weld Smooth Tensile Plot for Sample 519-310 

 

Full thickness weld tensile tests can be difficult to interpret due to the sample passing 
through multiple weld passes layered on top of each other. The multiple weld boundaries, HAZ, 
and even different weld metals can produce inconsistent failure modes and elongations. 
Therefore, the main purpose of these tests is to roughly estimate mechanical properties for 
application to actual fracture toughness tests. No conclusions should be drawn from the 
fracture elongation or curve shape. 

7.5.3.3.2 Notch Tensile 
Notch tensile tests were not performed on this material. 

7.5.3.3.3 Fracture Properties 
All room temperature testing was performed in accordance with ASTM E1820 (10). All 

other temperatures were tested in accordance with ASTM E1921 (7). Testing for both standards 
use specimen design S-226 Rev B for the head-to-shell welds and S-318 Rev A for the shell-to-
shell welds. Head-to-shell weld fracture tests came from vessels V0125, V0032, and V0023 and 
were tested with the crack plane in the N-P orientation as defined by ASTM.  The head HAZ was 
tested for V0125 only.  The shell-to-shell weld was tested for V0066 only, in the N-P orientation 
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as defined by ASTM. All specimens were side-grooved to a total thickness reduction of 20%. The 
cutting diagram used to remove the C(T) specimens from the V0023 head-to-shell weld is 
shown in Figure 7.5.3.3.3-3. Examples of Load Versus COD and Jq Versus Δa plots are shown in 
Figure 7.5.3.3.3-1 and Figure 7.5.3.3.3-2. 

 
Figure 7.5.3.3.3-1: Shell-to-Shell Weld Load Versus COD Plot, Sample 629-18 
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Figure 7.5.3.3.3-2: Shell-to-Shell Weld Jq Versus Δa Plot, Sample 629-18 
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Figure 7.5.3.3.3-3: Cut Plan for Fracture Specimens from V0023 Head-to-Shell Weld 
 

The test data in Table 7.5.3.3.3-1 are raw values obtained from fracture tests conducted 
on V0125 head-to-shell weld material. Table 7.5.3.3.3-2 contains raw values from V0125 head 
HAZ. Test results that are considered upper shelf are listed under ASTM E1820, while transition 
temperature test results are listed under E1921. Tests that meet the complete validity 
requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. Despite invalidities, Jq and 
KJq convey valuable fracture toughness information, especially when the test results are applied 
directly to the sample material source. 
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Table 7.5.3.3.3-1: Head-to-Shell Weld Fracture Data, V0125 

 
 

Table 7.5.3.3.3-2 Head-to-shell Weld HAZ (Head Side) Fracture Data, V0125 

 
 

No E1921 tests were conducted on V0125 head-to-shell weld or HAZ. The results of the 
HAZ tests show toughness that is between the weld material and A225 head. Therefore, it can 
be assumed that the HAZ will be bounded by the two lots. 

The following test data provided in Table 7.5.3.3.3-3 are raw values obtained from 
fracture tests conducted on V0032 head-to-shell weld material. These tests were taken only 
from the intersection of the inner wrap layer and the head-to-shell weld. Test results that are 
considered upper shelf are listed under ASTM E1820, while transition temperature test results 
are listed under E1921. Tests that meet the complete validity requirements for Jq = J1C and KJq = 
KJ1C are denoted with an asterisk. Despite invalidities, Jq and KJq convey valuable fracture 
toughness information, especially when the test results are applied directly to the sample 
material source. 

Table 7.5.3.3.3-3: Head-to-shell Weld Inner Shell V0032 

 
 

Results from the five E1921 tests are presented in Table 7.5.3.3.3-4 and Table 
7.5.3.3.3-5. These results were obtained using the T0TEM Code described in Section 4.2. The T0 
reference temperature for this data set was evaluated as -43°C using the E1921 Master Curve 
shown in Figure 7.5.3.3.3-4. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

CP-344-5-2 23 N-P 0.9982 0.4911 0.5767 0.1858 0.1438 43 98 --- E1820
CP-344-5-3 23 N-P 0.9923 0.4956 0.6171 0.1862 0.1439 143 179 --- E1820
CP-344-5-4 23 N-P 0.9965 0.5321 0.5793 0.1879 0.1436 106 154 --- E1820
CP-344-8-7 22 N-P 1.0001 0.5220 0.5930 0.3764 0.3010 214 219 --- E1820

CP-344-8-13 22 N-P 1.0038 0.5422 0.6129 0.3779 0.3038 320 267 --- E1820

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

CP-344-8-12 23 N-Q 0.9999 0.5202 0.5818 0.3765 0.3012 142 178 0 E1820
CP-344-8-19 23 N-P 0.9997 0.5158 0.5500 0.3598 0.2863 95 146 0 E1820
CP-344-8-21 23 N-P 0.9994 0.5176 0.5946 0.3595 0.2872 99 148 0 E1820
CP-344-8-6 22 N-Q 1.0011 0.5111 0.5531 0.3770 0.3031 173 197 0 E1820

CP-344-8-18 22 N-P 0.9998 0.5917 0.6558 0.3773 0.3000 131 171 0 E1820

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

380-216 -18 N-P 1.0011 0.5126 0.6035 0.2515 0.2012 147 182 --- E1820
380-221 -51 N-P 0.9998 0.5355 0.5408 0.2493 0.2001 45 101 77 E1921
380-217 -73 N-P 1.0009 0.5218 0.5309 0.2517 0.2016 48 103 79 E1921
380-218 -73 N-P 1.0075 0.5205 0.5237 0.2512 0.2045 29 81 63 E1921
380-219 -73 N-P 0.9995 0.5187 0.5241 0.2512 0.2037 41 96 74 E1921
380-220 -73 N-P 1.0006 0.5393 0.5437 0.2513 0.2001 55 110 84 E1921
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Table 7.5.3.3.3-4: Head-to-shell Weld (Inner Layer) T0 Individual Specimen Results, V0032 

 
 

Table 7.5.3.3.3-5 Head-to-shell Weld (Inner Layer) T0 Calculation Results, V0032 

 
 

The results of the E1921 analysis show that the weld material removed from the head-
to-shell inner layer weld is macroscopically homogenous, indicating consistent properties 
throughout the sampled material. For this data set, the ductile-brittle transition temperature 
was found to be -43°C. This result does not meet the E1921 validity criteria for a sufficient 
number of samples tested in an appropriate temperature range with Σ(ri ni) < 1.0. However, the 
consistency of the samples and goodness of fit gives reason to use the T0 with confidence. It is 
important to note that the V0032 head-to-shell weld is the only through thickness weld in 
which the weld properties differed significantly between the inner layer and wrapper layers. In 
most cases, the through thickness weld was consistent enough throughout to be considered 
one data set. 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-217 -73 103.4 79.1 1 -31
380-218 -73 80.5 62.9 1 -31
380-219 -73 95.9 73.7 1 -31
380-220 -73 110.5 84.1 1 -31
380-221 -51 100.7 77.0 1 -8

Initial T0 (°C) -43
Total Samples 5
Samples within T0 ± 50°C (N) 5
Number of Uncensored Data (r) 5
Poisson's Ratio 0.3
Σ(ri ni) 0.74
Samples Between Ti - T0 50 to -14 °C 1
Samples Between Ti - T0 -15 to -35 °C 4
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -43
Homogenous or Inhomogeneous Homogenous
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Figure 7.5.3.3.3-4: Head-to-Shell Weld (Inner Layer) T0 Plot, V0032 

 

The following test data are raw values obtained from fracture tests conducted on V0032 
head-to-shell weld material. These tests were taken only from the intersection of the outer 
wrap layers and the head-to-shell weld. Test results that are considered upper shelf are listed 
under ASTM E1820, while transition temperature test results are listed under E1921. Tests that 
meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 
Despite invalidities, Jq and KJq convey valuable fracture toughness information, especially when 
the test results are applied directly to the sample material source. 
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Table 7.5.3.3.3-6: Head-to-Shell Weld Wrapper Layer V0032 

 
 

Results from the 10 E1921 tests is presented in Table 7.5.3.3.3-7 and Table 7.5.3.3.3-8. 
These results were obtained using the T0TEM Code described in Section 4.2. The T0 reference 
temperature for this data set was evaluated as 3 °C using the E1921 Master Curve shown in 
Figure 7.5.3.3.3-5. 

Table 7.5.3.3.3-7: Head-to-Shell Weld (Wrapper Layer) T0 Individual Specimen Results, V0032 

 
 
 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

380-233 22 N-P 1.0015 0.5135 0.6947 0.2002 0.1625 63 119 --- E1820
380-232 22 N-P 1.0012 0.5081 0.5850 0.2000 0.1600 68 123 --- E1820
380-226 -7 N-P 1.0015 0.5262 0.5366 0.1985 0.1581 66 121 88 E1921
380-227 -7 N-P 1.0005 0.5228 0.6060 0.2008 0.1641 50 106 78 E1921
380-228 -7 N-P 1.0014 0.5251 0.5329 0.1978 0.1629 59 115 83 E1921
380-225 -18 N-P 1.0016 0.5221 0.5302 0.1982 0.1575 48 104 76 E1921
380-229 -18 N-P 1.0011 0.5201 0.5217 0.1987 0.1610 34 87 65 E1921
380-230 -18 N-P 1.0000 0.5139 0.5166 0.2012 0.1619 42 97 72 E1921
380-231 -18 N-P 0.9993 0.5151 0.6047 0.2012 0.1637 54 109 80 E1921
380-223 -46 N-P 1.0003 0.5209 0.5270 0.1992 0.1606 43 98 72 E1921
380-224 -46 N-P 1.0008 0.5221 0.5314 0.2013 0.1600 27 77 58 E1921
380-222 -73 N-P 1.0014 0.5199 0.5205 0.1995 0.1597 19 65 50 E1921

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

380-223 -46 97.9 72.0 1 -49
380-224 -46 77.1 58.2 1 -49
380-225 -18 103.6 75.8 1 -21
380-226 -7 121.2 87.5 1 -10
380-227 -7 106.0 77.6 0 -10
380-228 -7 114.9 83.3 1 -10
380-229 -18 86.7 64.5 1 -21
380-230 -18 97.4 71.8 1 -21
380-231 -18 109.4 79.9 0 -21
380-232 22 123.1 87.5 0 18
380-233 22 118.9 86.2 0 19
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Table 7.5.3.3.3-8: Head-to-Shell Weld (Wrapper Layer) T0 Calculation Results, V0032 

 
 

The results of the E1921 analysis show that the weld material removed from the head-
to-shell inner layer weld is macroscopically homogenous, indicating consistent properties 
throughout the sampled material. For this data set, the ductile-brittle transition temperature 
was found to be 3°C. This result meets the E1921 validity criteria for a sufficient number of 
samples tested in an appropriate temperature range with Σ(ri ni) ≥ 1.0. It is important to note 
that the V0032 head-to-shell weld is the only through thickness weld in which the weld 
properties differed significantly between the inner layer and wrapper layers. In most cases, the 
through thickness weld was consistent enough throughout to be considered one data set. It is 
impossible to trace back the reason for the differences in the properties of what seems to be 
the same weld. It is likely that the initial weld of the inner layer to the head was done with a 
different filler that is tougher and more resistant to embrittlement from the contents of the 
vessel, since it is the only part of the head-to-shell weld exposed. 

Initial T0 (°C) 3
Total Samples 11
Samples within T0 ± 50°C (N) 11
Number of Uncensored Data (r) 7
Poisson's Ratio 0.3
Σ(ri ni) 1.01
Samples Between Ti - T0 50 to -14 °C 2
Samples Between Ti - T0 -15 to -35 °C 3
Samples Between Ti - T0 -36 to -50 °C 2
T0scrn (°C) 12
Homogenous or Inhomogeneous Homogenous
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Figure 7.5.3.3.3-5: Head-to-Shell Weld (Wrapper Layer) T0 Plot, V0032 

 

The test data presented in Table 7.5.3.3.3-9 are raw values obtained from fracture tests 
conducted on V0023 head-to-shell weld material. Test results that are considered upper shelf 
are listed under ASTM E1820, while transition temperature test results are listed under E1921. 
Tests that meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with 
an asterisk. Despite invalidities, Jq and KJq convey valuable fracture toughness information, 
especially when the test results are applied directly to the sample material source. 
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Table 7.5.3.3.3-9: Head-to-Shell Weld V0023 

 
 

Results from the 15 E1921 tests is presented in Table 7.5.3.3.3-10 and Table 
7.5.3.3.3-11. These results were obtained using the T0TEM Code described in Section 4.2. The T0 
reference temperature for this data set was evaluated as -46°C using the E1921 Master Curve 
shown in Figure 7.5.3.3.3-6. 

 

Table 7.5.3.3.3-10 Head-to-Shell Weld T0 Individual Specimen Results, V0023 

 
 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

519-301 23 N-P 0.9986 0.5055 0.6065 0.2020 0.1580 84 137 --- E1820
519-294 21 N-P 0.9985 0.5598 0.6457 0.2019 0.1588 86 138 --- E1820
519-298 21 N-P 0.9979 0.5121 0.5844 0.2495 0.1977 106 154 --- E1820
519-300 -25 N-P 0.9985 0.5184 0.6074 0.2029 0.1637 106 154 110 E1921
519-302 -25 N-P 0.9990 0.5064 0.6727 0.2015 0.1596 126 168 119 E1921
519-293 -46 N-P 0.9977 0.5137 0.5216 0.2012 0.1571 54 110 80 E1921
519-295 -46 N-P 0.9984 0.5094 0.5434 0.2008 0.1588 135 173 123 E1921
519-296 -46 N-P 0.9980 0.5188 0.5240 0.2011 0.1590 58 114 83 E1921
519-303 -46 N-P 0.9976 0.5169 0.5303 0.2006 0.1598 50 106 77 E1921
519-304 -46 N-P 0.9975 0.5206 0.5241 0.2514 0.1965 41 96 74 E1921
519-305 -46 N-P 0.9990 0.5067 0.5905 0.2026 0.1597 108 156 111 E1921
519-299 -59 N-P 0.9994 0.5140 0.5195 0.2005 0.1596 119 163 116 E1921
519-306 -59 N-P 0.9990 0.5078 0.5101 0.2015 0.1603 49 105 77 E1921
519-307 -59 N-P 0.9991 0.5217 0.5306 0.2012 0.1597 65 120 87 E1921
519-308 -59 N-P 0.9990 0.5203 0.5251 0.2007 0.1594 79 133 96 E1921
519-309 -61 N-P 0.9976 0.5230 0.5456 0.2008 0.1590 48 103 76 E1921
519-292 -73 N-P 0.9978 0.5201 0.5242 0.2507 0.1976 34 87 67 E1921
519-297 -73 N-P 0.9980 0.5227 0.5282 0.2031 0.1597 22 71 54 E1921

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

519-292 -73 86.5 67.1 1 -27
519-293 -46 110.3 80.5 1 0
519-295 -46 173.4 115.8 0 0
519-296 -46 113.7 82.7 1 0
519-297 -73 70.8 54.1 1 -27
519-299 -59 163.2 115.8 1 -14
519-300 -25 154.1 110.0 0 21
519-302 -25 167.8 115.8 0 21
519-303 -46 105.9 77.5 1 0
519-304 -46 96.3 74.0 1 0
519-305 -46 155.6 111.0 0 0
519-306 -59 105.1 77.0 1 -14
519-307 -59 120.5 87.3 1 -14
519-308 -59 133.1 95.7 1 -14
519-309 -61 103.1 75.6 1 -15
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Table 7.5.3.3.3-11 Head-to-shell Weld T0 Calculation Results, V0023 

 
 

The results of the E1921 analysis show that the weld material removed from the head-
to-shell weld is macroscopically homogenous, indicating consistent properties throughout the 
sampled material. For this data set, the ductile-brittle transition temperature was found to be -
46°C. This result meets the E1921 validity criteria for a sufficient number of samples tested in 
an appropriate temperature range with Σ(ri ni) ≥ 1.0. 

Initial T0 (°C) -46
Total Samples 15
Samples within T0 ± 50°C (N) 15
Number of Uncensored Data (r) 11
Poisson's Ratio 0.3
Σ(ri ni) 1.76
Samples Between Ti - T0 50 to -14 °C 8
Samples Between Ti - T0 -15 to -35 °C 3
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -38
Homogenous or Inhomogeneous Homogenous



Page 424 of 466 

 
Figure 7.5.3.3.3-6: Head-to-shell Weld T0 Plot, V0023 

 

The test data provided in Table 7.5.3.3.3-12 are raw values obtained from fracture tests 
conducted on V0066 shell-to-shell weld material. Test results that are considered upper shelf 
are listed under ASTM E1820, while transition temperature test results are listed under E1921. 
Tests that meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with 
an asterisk. Despite invalidities, Jq and KJq convey valuable fracture toughness information, 
especially when the test results are applied directly to the sample material source. 
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Table 7.5.3.3.3-12: Head-to-Shell Weld V0023 

 
 

Results from the seven E1921 tests is presented in Table 7.5.3.3.3-13 and Table 
7.5.3.3.3-14. These results were obtained using the T0TEM code described in Section 4.2. The T0 
reference temperature for this data set was evaluated as -116°C using the E1921 Master Curve 
shown in Figure 7.5.3.3.3-7. 

 
Table 7.5.3.3.3-13: Head-to-Shell Weld T0 Individual Specimen Results, V0023 

 
 

Table 7.5.3.3.3-14: Head-to-Shell Weld T0 Calculation Results, V0023 

 
 

The results of the E1921 analysis show that the weld material removed from the head-
to-shell weld is macroscopically homogenous, indicating consistent properties throughout the 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

629-18 21 N-P 2.0041 1.0230 1.1011 1.0045 0.8075 105 153 --- E1820
629-24 21 N-P 2.0010 1.0268 1.1150 0.9998 0.8062 104 153 --- E1820
629-19 -73 N-P 2.0021 1.0330 1.1005 0.9973 0.8005 116 161 161 E1921
629-25 -73 N-P 2.0012 1.0341 1.0459 1.0027 0.8126 68 123 123 E1921
629-20 -101 N-P 2.0022 1.0206 1.1510 1.0004 0.8046 114 160 160 E1921
629-21 -101 N-P 2.0003 1.0298 1.0423 1.0030 0.8041 102 151 151 E1921
629-22 -101 N-P 1.9936 1.0193 1.0514 1.0031 0.7875 57 113 113 E1921
629-26 -101 N-P 1.9996 1.0351 1.0473 1.0037 0.8062 65 121 121 E1921
629-27 -101 N-P 2.0020 1.0372 1.0508 1.0033 0.8091 51 107 107 E1921

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

Uncensored 
Data

Test Temp -T0 
(°C)

629-19 -73 161.1 159.9 0 43
629-20 -101 159.9 159.9 1 15
629-21 -101 151.3 151.4 1 15
629-25 -73 123.4 123.4 1 43
629-26 -101 120.8 120.9 1 15
629-27 -101 106.7 106.8 1 15
629-22 -101 112.6 112.6 1 15

Initial T0 (°C) -116
Total Samples 7
Samples within T0 ± 50°C (N) 7
Number of Uncensored Data (r) 6
Poisson's Ratio 0.3
Σ(ri ni) 1
Samples Between Ti - T0 50 to -14 °C 6
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0
T0scrn (°C) -109
Homogenous or Inhomogeneous Homogenous
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sampled material. For this data set, the ductile-brittle transition temperature was found to be 
116°C. This result meets the E1921 validity criteria for a sufficient number of samples tested in 
an appropriate temperature range with Σ(ri ni) ≥ 1.0. 

 
Figure 7.5.3.3.3-7: Head-to-Shell Weld T0 Plot, V0023 

7.5.3.3.4 Fatigue Crack Growth 
Sections of V0023 head-to-shell weld and head side HAZ were tested to determine the 

fatigue crack growth rates according to ASTM E647 (11). Load ratios of R = 0.1 and R = 0.7 were 
chosen to reflect load cycles corresponding to slight pressure variations and nearly full pressure 
releases of the LPVs, respectively. These tests were conducted on material taken from a single 
stack of specimens placed one layer apart to encompass a full thickness profile as shown in 
Figure 7.5.3.3.4-1. Figure 7.5.3.3.4-2 shows the combined fatigue crack growth curves for the 
head-to-shell weld and HAZ material from vessel V0023. These curves are input into NASGRO to 
create material data packages used for structural analysis and crack growth prediction. 
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Figure 7.5.3.3.4-1: Cut Plan for Fatigue Specimens from V0023 Head-to-Shell Weld 
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Figure 7.5.3.3.4-2: Fatigue Crack Growth Curves, V0023 Head-to-Shell Weld and HAZ 

 

7.5.3.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 
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519-325, C-M, V0023 H2S Weld, 0.1, Corrected
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7.5.4 Nozzle Welds 
Nozzle welds in LPVs are most commonly found in the monolithic heads. The material 

investigated here comes from MV50466-8, a 5002 nozzle welded into an A225 head. Tests were 
conducted on the weld metal itself as well as the HAZ on the head side of the weld. 

7.5.4.1 Chemical Composition 
The chemical composition of the weld filler used is unknown, therefore only the data in 

Table 7.5.4.1-1 Inner Layer Weld Fracture Toughness Data, V0023, collected from Arc Spark 
analyses of vessels at MSFC, are available. HAZ data was not collected as it is nominally the 
same as the head material. Weld chemistry was tested on PV0296, but no mechanical testing 
was conducted. 

 
Table 7.5.4.1-1: Collected Nozzle Weld Chemistry 

 
 

7.5.4.2 Metallography 
Only a hardness study was performed on this material.  No grain orientation, grain size, grain 
size through thickness, or carburization layer thickness studies were performed, and no macro 
cubes were produced. 

Hardness Study 

A section of nozzle-to-head weld was examined for hardness characteristics. 

Vessel C Si Mn P S Cr Mo Ni Cu V
MV50466-8 0.07 0.65 0.77 0.013 0.016 0.039 0.010 0.076 0.090 0.024

PV0296 0.10 0.13 0.55 0.011 0.021 0.029 0.370 1.460 0.110 0.130
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Figure 7.5.4.2-1: MV50466-8 Nozzle Weld Hardness Map 

 

Summary 

The weld metal displays similar hardness characteristics to the surrounding materials. As 
hardness in steels is typically correlated strongly with strength, it is likely that the nozzle-to-
head weld matches well with its surrounding components. 

7.5.4.3 Mechanical Properties 
Since the exact weld filler used is not known, precise expectations cannot be found for 

strength or other mechanical properties. It can be assumed that the weld center properties are 
not exceptionally grain-dependent and test results in any orientation will be reasonably close to 
target orientation. Tensile properties were tested in the N orientation (normal to weld path) 
due to material constraints. 
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7.5.4.3.1 Smooth Tensile Tests 
Smooth tensile tests were conducted at MSFC on round specimens according to ASTM 

E8, “Standard Test Methods for Tension Testing of Metallic Materials” (51) using specimen 
design S-219 Rev A. The mechanical test frame consisted of a servo-hydraulic actuator and 
reaction frame. The frame used an LVDT for displacement feedback. Stress measurements were 
derived from load measurements and the initial specimen measurements. Strain measurements 
were derived from an extensometer and the initial specimen measurements. 
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Table 7.5.4.3.1-1: MV50466-8 Nozzle Weld Tensile Data 

 
 

 
Figure 7.5.4.3.1-1: Nozzle Weld Smooth Tensile Plot Sample 440-298 

7.5.4.3.2 Notch Tensile 
Notch tensile tests were not performed on this material. 

7.5.4.3.3 Fracture Properties 
All room temperature testing was performed per ASTM E1820 (10). All other 

temperatures were tested per ASTM E1921 (7). All nozzle weld fracture tests came from 
MV50466-8 and were tested in the N-Q orientation. Tests were conducted on Charpy sized 
SE(B) specimens in order to fit within material constraints. All fracture tests and individual data 

Specimen ID Test Temp. 
(°C)

ASTM 
Orientation

Tensile Stress
(ksi)

Yield Stress
(ksi)

Fracture
Elongation (%)

440-297 27 N 80.9 61.9 24.4
440-298 27 N 80.9 62.9 25.4
440-299 -46 N 87.2 69.3 28.2
440-300 -46 N 90.2 72.7 N/A
440-301 -101 N 96.2 78.3 N/A
440-302 -101 N 94.4 76.7 29.6
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are fully documented in “Determination of the Reference Temperature, T0, for Nozzle Weld and 
HAZ of Vessel MV50466-8” by Richard E. Link (65). 

 
Figure 7.5.4.3.3-1: MV50466-8 Example Fracture Cut Plan 

 

The test data in Table 7.5.4.3.3-1 are raw values obtained from fracture tests conducted 
on MV50466-8 nozzle to head weld HAZ (62). Test results that are considered upper shelf are 
listed under ASTM E1820, while transition temperature test results are listed under E1921. 
Tests that meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with 
an asterisk. Despite invalidities, Jq and KJq convey valuable fracture toughness information, 
especially when the test results are applied directly to the sample material source. 
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Table 7.5.4.3.3-1: MV50466-8 Nozzle-to-Head Weld HAZ Fracture Data 

 
 

Results from the 20 E1921 tests are presented in Table 7.5.4.3.3-2 and Table 7.5.4.3.3-3. 
These results were obtained using the T0TEM Code described in Section 4.2. The T0 reference 
temperature for this data set was evaluated as -90°C using the E1921 Master Curve shown in 
Figure 7.5.4.3.3-2. Given the number of specimens tested, the material was able to be properly 
characterized as macroscopically inhomogeneous with a 97% confidence in multimodal 
inhomogeneity. This gives a multimodal transition temperature of Tm = -95°C. The multimodal 
Master Curve and confidence bounds are shown in Figure 7.5.4.3.3-3. 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

440-257 -66 N-Q 0.3980 0.2080 0.2080 0.3960 0.3960 171 196 159 E1921
440-259 -78 N-Q 0.3980 0.2080 0.2080 0.3950 0.3950 22 70 60 E1921
440-260 -78 N-Q 0.3980 0.2050 0.2050 0.3950 0.3950 142 178 145 E1921
440-261 -78 N-Q 0.3930 0.2060 0.2060 0.3950 0.3950 162 190 155 E1921
440-262 -78 N-Q 0.3980 0.2030 0.2030 0.3950 0.3950 21 69 59 E1921
440-263 -78 N-Q 0.3980 0.2040 0.2040 0.3960 0.3960 106 154 126 E1921
440-264 -78 N-Q 0.3980 0.2060 0.2060 0.3960 0.3960 135 174 142 E1921
440-258 -84 N-Q 0.3970 0.2050 0.2050 0.3970 0.3970 5 33 30 E1921
440-265 -85 N-Q 0.3980 0.2060 0.2060 0.3960 0.3960 179 200 163 E1921
440-266 -85 N-Q 0.3930 0.2020 0.2020 0.3930 0.3930 53 109 90 E1921
440-267 -85 N-Q 0.3980 0.2100 0.2100 0.3930 0.3930 160 189 154 E1921
440-268 -85 N-Q 0.3980 0.2140 0.2140 0.3920 0.3920 223 223 181 E1921
440-269 -90 N-Q 0.3980 0.2100 0.2100 0.3960 0.3960 42 97 81 E1921
440-270 -90 N-Q 0.3980 0.2090 0.2090 0.3920 0.3920 100 149 122 E1921
440-271 -90 N-Q 0.3970 0.2140 0.2140 0.3920 0.3920 151 184 149 E1921
440-272 -95 N-Q 0.3980 0.2090 0.2090 0.3930 0.3930 19 66 56 E1921
440-273 -95 N-Q 0.3980 0.2120 0.2120 0.3920 0.3920 83 136 112 E1921
440-274 -95 N-Q 0.3980 0.2060 0.2060 0.3920 0.3920 15 57 49 E1921
440-275 -95 N-Q 0.3980 0.2120 0.2120 0.3900 0.3900 38 92 77 E1921
440-276 -95 N-Q 0.3930 0.2090 0.2090 0.3920 0.3920 20 67 57 E1921
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Figure 7.5.4.3.3-2: MV50466-8 Nozzle-to-Head Weld HAZ T0 Plot (T0 = -90°C) 
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Table 7.5.4.3.3-2: MV50466-8 Nozzle-to-Head Weld HAZ T0 Individual Specimen Results 

 
 

Table 7.5.4.3.3-3: MV50466-8 Nozzle-to-Head Weld HAZ T0 Calculation Results  

 
 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

δi
Test Temp -T0 

(°C)
440-257 -66 195.6 110.6 0 24
440-258 -84 33.0 30.3 1 5
440-259 -78 70.3 59.9 1 12
440-260 -78 178.0 113.0 0 12
440-261 -78 190.1 111.2 0 12
440-262 -78 69.2 59.0 1 12
440-263 -78 153.8 113.3 0 12
440-264 -78 173.6 112.7 0 12
440-265 -85 200.0 113.3 0 5
440-266 -85 108.8 90.3 1 5
440-267 -85 189.0 112.0 0 5
440-268 -85 223.1 110.8 0 5
440-269 -90 96.7 80.8 1 0
440-270 -90 149.4 112.6 0 0
440-271 -90 183.5 110.9 0 0
440-272 -95 65.9 56.4 1 -5
440-273 -95 136.3 112.0 1 -5
440-274 -95 57.1 49.4 1 -5
440-275 -95 92.3 77.1 1 -5
440-276 -95 67.0 57.2 1 -5

Initial T0 (°C) -90
Total Samples 20

Number of Samples Between +50/-50°C (N) 20
Number of Uncensored Data (r) 10

Poisson's Ratio 0.3
Σ(ri ni) 1.67

Samples Between Ti - T0 50 to -14 °C 10
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0

T0scrn (°C) -77
Homogenous or Inhomogeneous Inhomogeneous
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Figure 7.5.4.3.3-3: MV50466-8 Nozzle to Head Weld HAZ Multimodal Tm Plot (Tm = -95°C) 

 

Table 7.5.4.3.3-4: MV50466-8 Nozzle-to-Head Weld HAZ Multimodal Tm Calculation Results 7 

 
 

The multimodal Tm value moves the transition temperature 5°C lower and expands the 
confidence bounds to more accurately reflect the composition of the data set. 

The test data Table 7.5.4.3.3-5 are raw values obtained from fracture tests conducted 
on MV50466-8 nozzle to head weld (62). Test results that are considered upper shelf are listed 
under ASTM E1820, while transition temperature test results are listed under E1921. Tests that 

Tm (°C) -95
Sigma Tm (°C) 55
Multimodal Max ln(L) 57.61
MLNH Criterion 2
MLNH from Multimodal 4.31
Multimodal Homogeneity? Inhomogeneous
Multimodal Confidence (%) 97
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meet the complete validity requirements for Jq = J1C and KJq = KJ1C are denoted with an asterisk. 
Despite invalidities, Jq and KJq convey valuable fracture toughness information, especially when 
the test results are applied directly to the sample material source. 

Table 7.5.4.3.3-5 MV50466-8 Nozzle-to-Head Weld Fracture Data 

 
 

Results from the 19 E1921 tests are presented in Table 7.5.4.3.3-6 and Table 7.5.4.3.3-7. 
These results were obtained using the T0TEM Code described in Section 4.2. The T0 reference 
temperature for this data set was evaluated as -83°C using the E1921 Master Curve shown in 
Figure 7.5.4.3.3-4. Given the number of specimens tested, the material was able to be properly 
characterized as macroscopically inhomogeneous with a 95% confidence in multimodal 
inhomogeneity. This gives a multimodal transition temperature of Tm = -78°C. The multimodal 
master curve and confidence bounds are shown in Figure 7.5.4.3.3-5. 

 

Specimen ID Test 
Temp. (°C)

ASTM Crack Plane 
Orientation

W (in) a0 (in) af (in) B0 (in) BN (in) Jq  (kJ/m2) KJq           

(MPa √m)
KJC1T       

(MPa √m)

ASTM 
Standard

440-277 -80 N-Q 0.3980 0.2030 0.2030 0.3930 0.3930 40 95 79 E1921
440-278 -80 N-Q 0.3980 0.2080 0.2080 0.3920 0.3920 42 97 81 E1921
440-279 -80 N-Q 0.3940 0.2090 0.2090 0.3940 0.3940 44 99 83 E1921
440-280 -80 N-Q 0.3960 0.2060 0.2100 0.3930 0.3930 189 205 167 E1921
440-281 -80 N-Q 0.3900 0.2060 0.2100 0.3930 0.3930 203 213 173 E1921
440-282 -90 N-Q 0.3980 0.2110 0.2150 0.3930 0.3930 201 212 172 E1921
440-283 -95 N-Q 0.3980 0.2100 0.2100 0.3940 0.3940 84 137 113 E1921
440-284 -95 N-Q 0.3970 0.2100 0.2100 0.3930 0.3930 64 120 99 E1921
440-285 -95 N-Q 0.3980 0.2070 0.2070 0.3920 0.3920 12 52 45 E1921
440-286 -95 N-Q 0.3980 0.2080 0.2080 0.3930 0.3930 29 80 68 E1921
440-287 -95 N-Q 0.3980 0.2090 0.2090 0.3920 0.3920 37 91 76 E1921
440-288 -95 N-Q 0.3980 0.2000 0.2000 0.3930 0.3930 10 46 41 E1921
440-289 -90 N-Q 0.3980 0.2000 0.2000 0.3930 0.3930 67 122 101 E1921
440-290 -90 N-Q 0.3980 0.1990 0.1990 0.3920 0.3920 65 121 100 E1921
440-291 -90 N-Q 0.3980 0.2000 0.2000 0.3920 0.3920 43 98 82 E1921
440-292 -90 N-Q 0.0000 0.0000 0.0000 0.0000 0.0000 0 0 0 E1921
440-293 -90 N-Q 0.3980 0.1990 0.1990 0.3930 0.3930 69 124 102 E1921
440-294 -90 N-Q 0.3970 0.2010 0.2010 0.3920 0.3920 131 171 140 E1921
440-295 -90 N-Q 0.3980 0.2010 0.2010 0.3930 0.3930 14 55 48 E1921
440-296 -90 N-Q 0.3980 0.2000 0.2000 0.3930 0.3930 17 62 53 E1921
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Figure 7.5.4.3.3-4: MV50466-8 Nozzle-to-Head Weld T0 Plot (T0 = -83°C) 
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Table 7.5.4.3.3-6: MV50466-8 Nozzle-to-Head Weld T0 Individual Specimen Results 

 
 

Table 7.5.4.3.3-7: MV50466-8 Nozzle-to-Head Weld T0 Calculation Results 

 
 

Specimen 
Name

Temperature 
(°C)

KjcRaw 
(MPa*m^0.5)

1T Data 
(MPa*m^0.5)

δi
Test Temp -T0 

(°C)
440-277 -80 94.5 79.0 1 3
440-278 -80 96.7 80.7 1 3
440-279 -80 98.9 82.5 1 3
440-280 -80 205.5 102.5 0 3
440-281 -80 213.2 102.5 0 3
440-282 -90 212.1 102.5 0 -7
440-283 -95 137.4 112.9 0 -12
440-284 -95 119.8 99.0 1 -12
440-285 -95 51.6 45.0 1 -12
440-286 -95 80.2 67.7 1 -12
440-287 -95 91.2 76.3 1 -12
440-288 -95 46.2 40.7 1 -12
440-289 -90 122.0 100.7 1 -7
440-290 -90 120.9 99.8 1 -7
440-291 -90 97.8 81.6 1 -7
440-293 -90 124.2 102.5 1 -7
440-294 -90 171.4 114.7 0 -7
440-295 -90 54.9 47.7 1 -7
440-296 -90 61.5 52.9 1 -7

Initial T0 (°C) -83
Total Samples 19

Number of Samples Between +50/-50°C (N) 19
Number of Uncensored Data (r) 14

Poisson's Ratio 0.3
Σ(ri ni) 2.33

Samples Between Ti - T0 50 to -14 °C 14
Samples Between Ti - T0 -15 to -35 °C 0
Samples Between Ti - T0 -36 to -50 °C 0

T0scrn (°C) -73
Homogenous or Inhomogeneous Inhomogeneous
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Figure 7.5.4.3.3-5: MV50466-8 Nozzle-to-Head Weld Multimodal Tm Plot (Tm = -78°C) 

 

Table 7.5.4.3.3-8: MV50466-8 Nozzle to Head Weld Multimodal Tm Calculation Results 

 
 

The multimodal Tm value moves the transition temperature 5°C higher and expands the 
confidence bounds to more accurately reflect the composition of the data set. 

7.5.4.3.4 Fatigue Crack Growth 
Fatigue crack growth tests were not performed on this material. 

Tm (°C) -78
Sigma Tm (°C) 29
Multimodal Max ln(L) 71.1
MLNH Criterion 2
MLNH from Multimodal 4.6
Multimodal Homogeneity? Inhomogeneous
Multimodal Confidence (%) 94.7
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7.5.4.3.5 Charpy Impact 
Charpy impact tests were not performed on this material. 

8 CONCLUSIONS 
The following section covers observations and conclusions made by the materials team during 
the course of the materials test program. These cover not only basic data summaries, but 
observations related to the testing of LPV materials, as well as application of material data to 
the overall LPV certification and characterization effort.   

 One of the key observations of the LPV materials effort is the inability to use proof test 
logic as a flaw screening method for LPVs in service. Proof test logic is one of the simplest and 
most straightforward methods that can be used to verify the safety of a pressure vessel. By 
pressurizing the vessel to a proof factor above what would cause a critical flaw to fail, the entire 
vessel can be screened at once for critical flaw sizes. When working with vessel materials that 
have severe temperature dependence, and ECF (environmental correction factor) must be 
applied. The ECF takes into account the difference in fracture toughness between the as-tested 
temperature and the expected critical operation temperature. This factor is multiplied by the 
required proof factor to find the pressure at which the vessel would be considered to be 
adequately screened. For almost all LPV materials, the ECF adjusted proof factor would be so 
high that it would require testing at pressures that would yield the vessel materials, and in 
many cases exceed the rated burst pressure of the vessel. Charts detailing the relationship 
between temperature and ECF, as well as the ECF at example temperature of -20F, can be 
found for each common vessel component and material in Section 9.1.   

Another observation from this testing effort is the substantial variability between, and 
within, material lots. As detailed in Section 7, many of these legacy materials vary significantly 
from lot to lot despite having the same material designation. More concerning is the tendency of 
some materials to vary within a single lot. This provides little confidence that the characterization 
of some of the most common materials in the fleet can be applied to the safety assurance of the 
fleet. This Technical Memorandum provides the results of a significant materials testing program 
run for the purpose of allowing validation of LPVs in the NASA fleet. It is not exhaustive, leaving 
certain material combinations and locations untested. However, it is intended that in conjunction 
with analytical work documented in NASA/TM-20210020972 NASA Ground-based Layered 
Pressure Vessels Structural Analysis Report and NDE development documented in NASA/TM-
20210020973 NASA Ground-based Layered Pressure Vessels NDE Report, the information 
presented herein will facilitate validation of the vast majority of NASA LPVs. 

Also, while the work documented here was funded by NASA with the intent of permitting 
continued safe operation of NASA assets, much of the material data presented herein will be 
applicable to LPVs owned by other Governmental entities as well as the private sector. 
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8.1 Summary Charts 

8.1.1 Head Data Summary 
 

Table 8.1.1-1: Head Material Hardness and Chemistry Data Summary 

 

 

Table 8.1.1-2: Head Material Mechanical Data Summary 

 

 

 

 

 

 

 

 

 

 

 

 

Material Vessel Hardness (HRB) C Si Mn P S Cr Mo Ni Cu Nb V B
A212 V0348 78 0.26 0.26 0.82 0.019 0.03 0.021 0.005 0.007 0.024 0.003 0.002 0.001
A225 MV50466-8 84 0.19 0.21 1.46 0.032 0.063 0.19 0.028 0.21 0.024 0.003 0.11 0.002
A225 PV0296 81 0.1505 0.2345 1.311 0.0123 0.0133 0.0191 0.00685 0.0076 0.0194 0.0031 0.1035 0.000545
A225 V0023 91 0.21 0.2 1.43 0.025 0.023 0.25 0.056 0.35 0.04 0.003 0.098 0.0006
A225 V32 82 0.26 0.23 1.38 0.032 0.048 0.21 0.062 0.027 0.027 0.003 0.091 0.0008
A302 V071 83 0.19 0.22 1.34 0.008 0.02 0.14 0.45 0.51 0.22 0.003 0.003 0.0006
T-1 V066 94 0.15 0.25 0.84 0.014 0.027 0.41 0.48 0.9 0.26 0.003 0.035 0.006

Head Chemistry (%)

Upper Shelf
Material Vessel Orientation σYS (ksi) UTS (ksi) Elong. (%) °C °F KJ, MPa√m

A225 MV50466-8 C-M 50-51 76-77 31-32 -43 -45 171
A225 V32 C-M 55-58 77-81 34-37 -105 -157 193
A225 PV0296 C-M 51 82-85 21-22 -75 -103 287
A225 V0023 C-M 62 91 24 -2 28 197
A212 V0348 C-M 40-44 75-80 34-36 -58 -72 153
A302 V071 C-M 68-70 90-92 25-28 -93 -135 226

ToHead
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Figure 8.1.1-1: Head Material Median T0 Curves 

 

Figure 8.1.1-2: Head Material T0 Lower Tolerance Bound 
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Figure 8.1.1-3: Head Material ECF v. Temperature 
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Figure 8.1.1-4: Head Material ECF at -20F 

8.1.2 Nozzle Data Summary 
 

Table 8.1.2-1: Nozzle Material Hardness and Chemistry Data Summary 

 

Table 8.1.2-2: Nozzle Material Mechanical Data Summary 

 

1.07

1.52
1.72
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4.18
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3.5

4.0

4.5

V32 A225 V071 A302B V0348 A212 MV50466-8 A225 PV0296 A225 V0023 A225

ECF

Materials

Head Material ECF at -20F 

Material Vessel Hardness (HRB) C Si Mn P S Cr Mo Ni Cu Nb V B
5002 Mod. MV50466-8 83 0.25 0.27 1.34 0.011 0.019 0.071 0.035 0.66 0.095 0.003 0.12 0.0005
5002 Mod. V125 83 0.28 0.25 1.61 0.02 0.14 0.095 0.044 0.56 0.075 0.003 0.13 0.002
A105 Gr. II V32 73 0.26 0.22 0.66 0.006 0.015 0.025 0.01 0.038 0.048 0.003 0.002 0.0005
A105 Gr. II V0348 79 0.27 0.2 0.76 0.012 0.031 0.081 0.036 0.1 0.24 0.003 0.002 0.0006

Nozzle Chemistry (%)

Upper Shelf
Material Vessel Orientation σYS (ksi) UTS (ksi) Elong. (%) °C °F KJ, MPa√m

5002 Mod. MV50466-8 C-R --- --- --- -55 -67 180
5002 Mod. V125 L 61 91 --- --- --- --- 
A105 Gr. II V32 C-R 31-32 66-67 32-33 -91 -132 151
A105 Gr. II V0348 C-R 48-49 75-76 23-27 -111 -168 145

ToNozzle
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Figure 8.1.2-1: Nozzle Material Median T0 Curves 
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Figure 8.1.2-2: Nozzle Material ECF v. Temperature 
 

 

Figure 8.1.2-3: Nozzle Material ECF at -20F 
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Figure 8.1.2-4: Nozzle Material ECF at -20F 

8.1.3 Wrapper Data Summary 
Table 8.1.3-1: Wrapper Material Hardness and Chemistry Data Summary 
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2.5

V0348 A105 V32 A105 MV50466-8 5002

ECF

Materials

Nozzle ECF at -20F 

Material Vessel Hardness (HRB) C Si Mn P S Cr Mo Ni Cu Nb V B
1143 Inner V125 90 0.26 0.28 1.35 0.025 0.028 0.071 0.013 0.5 0.026 0.003 0.13 0.0005
1146 Inner MV50466-8 92 0.17 0.25 1.41 0.027 0.029 0.18 0.01 0.56 0.05 0.007 0.15 0.0005
1146 Inner V32 81 0.18 0.22 1.19 0.016 0.017 0.064 0.017 0.51 0.028 0.003 0.14 0.0005

1146 Inner C3-1 0B V0023 91 0.24 0.32 1.59 0.021 0.035 0.11 0.034 0.58 0.041 0.003 0.15 0.0006
1146 Inner C4-2 0B V0023 99 0.25 0.32 1.58 0.021 0.035 0.11 0.034 0.57 0.04 0.003 0.15 0.001
1146 Inner C4-2 0B V0023 99 0.25 0.32 1.58 0.021 0.035 0.11 0.034 0.57 0.04 0.003 0.15 0.001

1146 Wrapper MV50466-8 103 0.22 0.24 1.33 0.02 0.017 0.066 0.014 0.5 0.036 0.003 0.13 0.0005
1146 Wrapper V125 101 0.25 0.27 1.39 0.015 0.03 0.044 0.01 0.52 0.03 0.003 0.15 0.0005
1146 Wrapper V0023 99 0.23 0.24 1.37 0.03 0.018 0.088 0.022 0.52 0.045 0.004 0.14 0.0006
1146 Wrapper V32 101 0.25 0.27 1.28 0.014 0.02 0.039 0.009 0.5 0.026 0.003 0.14 0.0005
T-1 Wrapper V066 96 0.15 0.25 0.88 0.014 0.025 0.68 0.46 0.82 0.27 0.004 0.034 0.005

Wrapper Chemistry (%)
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Table 8.1.3-2: Wrapper Material Mechanical Data Summary 

 

 

 

 

Figure 8.1.3-1: Wrapper Material Median T0 Curves 
 

 

Upper Shelf
Material Vessel Orientation σYS (ksi) UTS (ksi) Elong. (%) °C °F KJ, MPa√m

1146 Wrapper MV50466-8 T-L 86-88 119-120 17 -7.3 19 73
1146 Wrapper V125 T-L 98-101 132-134 14-15 -13 9 70
1146 Wrapper V0023 T-L 91-92 121 18-20 --- --- 102

1146 Inner C4-2 0B V0023 T-L 99 133 17 61 142 81
1146 Inner C3-1 0B V0023 T-L 68 97 29 -99 -146 120
1146 Inner C4-2 0B V0023 L-T 98-100 131-133 19-20 32 90 98

1146 Inner MV50466-8 T-L 70-71 94-95 17-19 -54 -65 116
1143 Inner V125 T-L 69-73 93-95 >20 -71 -96 100

1146 Wrapper V32 T-L 74 99.5 --- --- --- 81
T-1 Wrapper V066 T-L 107 118 20 -123 -189 149
1146 Inner V32 T-L 45-54 76-82 29-38 -52 -62 140

ToWrapper
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Figure 8.1.3-2: Wrapper Material T0 Lower Tolerance Bound 
 

 

 

 

 

 

 

 

 

 

25

75

125

175

225

275

-150 -100 -50 0

K J
, M

Pa
√m

Temperature, °C

Wrapper Material T0 Lower Tolerance Bound
V23 Inner Ductile T-L

V125 1143 Inner

MV50466-8 1146 Inner

MV50466-8 1146 Wrapper

V125 1146 Wrapper

V23 Inner Brittle L-T

V23 Inner Brittle T-L

V32 1146 Inner

V066 T-1 Layer



Page 452 of 466 

 

Figure 8.1.3-3: Wrapper Material ECF v. Temperature 
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Figure 8.1.3-4: Wrapper Material ECF at -20F 
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8.1.4 Weld Data Summary 
 

Table 8.1.4-1: Weld Material Hardness and Chemistry Data Summary 

 

 

 

Table 8.1.4-2: Weld Material Mechanical Data Summary 

 

Material Vessel Hardness (HRB) C Si Mn P S Cr Mo Ni Cu Nb V B
Head to Shell Weld V0023 --- 0.08 0.31 0.78 0.012 0.025 0.048 0.44 1.75 0.088 0.003 0.17 0.0005
Head to Shell Weld V125 93 0.062 0.29 1.44 0.011 0.022 0.23 0.37 1.47 0.079 0.006 0.028 0.0005
Head to Shell Weld MV50466-8 --- 0.073 0.3 0.76 0.013 0.026 0.031 0.48 1.88 0.11 0.003 0.17 0.0005

Head to Shell Weld Inner V32 --- 0.052 0.41 1.71 0.015 0.018 0.16 0.32 1.55 0.09 0.003 0.022 0.0005
Head to Shell Weld Wrapper V32 --- 0.08 0.29 0.74 0.016 0.026 0.051 0.48 1.99 0.12 0.003 0.2 0.0005

Head to Shell Weld, Head HAZ V125 --- --- --- --- --- --- --- --- --- --- --- --- --- 
Head to Shell Weld, Head HAZ MV50466-8 --- --- --- --- --- --- --- --- --- --- --- --- --- 

Inner HAZ V0023 --- --- --- --- --- --- --- --- --- --- --- --- --- 
Inner Weld V0023 --- 0.081 0.82 1.77 0.019 0.019 0.078 0.35 0.15 0.11 0.003 0.03 0.0005
Inner Weld V32 --- 0.087 0.77 1.52 0.019 0.02 0.08 0.34 0.24 0.22 0.004 0.048 0.0005
Inner Weld V125 --- 0.15 0.6 1.61 0.02 0.023 0.091 0.29 0.41 0.099 0.008 0.068 0.0005
Inner Weld MV50466-8 --- 0.11 0.19 1.15 0.017 0.018 0.11 0.39 2.37 0.085 0.003 0.062 0.0005

Longitudinal Weld MV50466-8 --- 0.13 0.39 1.52 0.014 0.02 0.14 0.18 1.04 0.036 0.006 0.078 0.0005
Longitudinal Weld V32 --- 0.12 0.4 1.5 0.017 0.022 0.15 0.22 1.19 0.038 0.004 0.066 0.0005
Longitudinal Weld V0023 --- 0.081 0.28 0.75 0.014 0.021 0.05 0.39 1.65 0.027 0.003 0.16 0.0005

Longitudinal Weld HAZ MV50466-8 --- --- --- --- --- --- --- --- --- --- --- --- --- 
Longitudinal Weld HAZ V32 --- --- --- --- --- --- --- --- --- --- --- --- --- 
Longitudinal Weld HAZ V0023 --- --- --- --- --- --- --- --- --- --- --- --- --- 

Nozzle HAZ MV50466-8 --- --- --- --- --- --- --- --- --- --- --- --- --- 
Nozzle Weld MV50466-8 84 0.074 0.65 0.77 0.013 0.016 0.039 0.01 0.076 0.09 0.003 0.024 0.0005

Shell to Shell Weld V066 94 0.07 0.4 1.31 0.012 0.011 0.3 0.52 2.37 0.49 0.003 0.008 0.0005

Weld Chemistry (%)

Upper Shelf
Material Vessel Orientation σYS (ksi) UTS (ksi) Elong. (%) °C °F KJ, MPa√m

Nozzle Weld MV50466-8 NQ 62-63 81 24-25 -91 -132 175
Nozzle HAZ MV50466-8 NQ --- --- --- -96 -141 175

Longitudinal Weld MV50466-8 NP 86-92 109-112 9-19 -43 -45 146
Longitudinal Weld V32 NP 88-95 108-117 21-24 -85 -121 167
Longitudinal Weld V0023 NP 91 105 21-23 -65 -85 135

Longitudinal Weld HAZ MV50466-8 NP 97-100 120-129 16-18 -45 -49 120
Longitudinal Weld HAZ V32 NP --- --- --- -9 16 75
Longitudinal Weld HAZ V0023 NP --- --- --- 8 46 100

Head to Shell Weld Wrapper V32 NP 104 116 12-18 3 37 121
Head to Shell Weld Inner V32 NP 93-95 108-111 19-20 -43 -45 182

Head to Shell Weld V125 NP 100-116 112-132 15-25 --- --- 243
Head to Shell Weld, Head HAZ V125 NP 59-60 82-90 27-29 --- --- 144

Inner Weld V0023 NP 92-105 103-120 18-19 -1 30 162
Inner HAZ V0023 NP --- --- --- 7 45 110

Inner Weld V32 NP 88 103 21-22 17 63 140
Head to Shell Weld MV50466-8 NP 53 79 --- --- --- 132

Head to Shell Weld, Head HAZ MV50466-8 NP 59 84 --- --- --- 216
Shell to Shell Weld V066 NP 104 116 14 -116 -177 153

Inner Weld V125 NP 85 102 --- -19 -2 145
Inner Weld MV50466-8 NP 85 104 --- -73 -99 136

Head to Shell Weld V0023 NP 94-107 105-121 17-20 -46 -51 143

ToWeld



Page 455 of 466 

 

 

Figure 8.1.4-1: Layer Weld Material Median T0 Curves 
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Figure 8.1.4-2: Layer Weld Material T0 Lower Tolerance Bound 
 

 

Figure 8.1.4-3: Full Thickness Weld Material Median T0 Curves 
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Figure 8.1.4-4: Full Thickness Weld Material T0 Lower Tolerance Bound 
 

 

Figure 8.1.4-5: Nozzle Weld Material Median T0 Curves 
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Figure 8.1.4-6: Nozzle Weld Material T0 Lower Tolerance Bound 
 

 

Figure 8.1.4-7: Weld Material ECF v. Temperature 
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Figure 8.1.4-8: Weld Material ECF at -20F 
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