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Abstract

This study evaluates the material properties of an X100 pipeline steel extracted from an
experimental transmission pipeline section placed into service in the 1960s. The purpose is to
compare these properties with current X100 steel standards. Comprehensive chemical
characterization, microstructure analysis, and a series of mechanical tests—including tensile,
Charpy impact, and indentation tests—were conducted to assess the long-term stability and
reliability of these early high-strength steels. The analysis involved seven different welded
sections of the pipeline to account for potential variations within the material and welding
procedures.

The findings indicate significant differences in chemical composition across the various pipe
sections, suggesting that these sections may represent different experimental materials. The base
metal predominantly exhibited a bainite-ferrite microstructure, with noticeable variations near
the pipe surfaces. Unannealed girth welds demonstrated higher toughness and increased hardness
in their heat-affected zones compared to seam welds. While most sections of the vintage X100
steel met the modern tensile property requirements, several sections did not meet the impact
toughness criteria.

In conclusion, the experimental X100 steel aligns with current tensile property requirements,
however the steel fails to meet current toughness related requirements. The observed differences
in testing methods between current standards and those published in the 1960s were minor, and
therefore not a convincing source for observed property differences considering all sources of
uncertainty. The absence of original pre-service mechanical testing data prevents conclusions
about time-dependent property changes.

Keywords
Pipeline steels; X100 pipe; Welding; Metallurgy; Mechanical engineering.
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Executive Summary

This report provides a comprehensive analysis of the vintage Columbia Gas X100 pipeline steel
that was pulled from service. The analysis includes chemical composition, microstructure, and
mechanical properties. The physical metallurgical analysis was conducted using various
techniques such as optical emission spectroscopy, optical microscopy, scanning electron
microscopy (SEM), and electron backscatter diffraction (EBSD), whereas the mechanical
metallurgical analysis was conducted using notched impact testing (Charpy V-Notch, CVN) and
tensile testing.

The primary objectives of this study were to determine if age dependent property changes could
be determined. Another key objective was to determine if the extracted line pipe would meet
current standards. The report is divided into several key sections, each focusing on different
aspects of the analysis.

Chemical Analysis: The results indicated inconsistencies in chemical composition across the
seven pipe sections, suggesting that each section might be a different experimental material.
Despite these inconsistencies, the pipe sections displayed a bainite-ferrite microstructure typical
of X100 pipeline steel.

Microstructure Analysis: The microstructures of the base metal, heat-affected zones (HAZ), and
welds were examined using optical and SEM imaging, as well as EBSD. The analysis revealed
significant variations in grain size and misorientation within the HAZ. The findings showed that
the welds and HAZ contained a mix of martensite, ferrite, and bainite, consistent with previous
studies on X100 pipeline steel.

Tensile Testing: Tensile tests were performed on full-thickness flattened strap specimens from
the pipe body and seam welds. The results showed that most pipe sections met the current

API 5L X100Q requirements, with few exceptions that are mostly due to small sampling sizes.
Differences in testing methods between the time of production and the present day were noted,
particularly regarding the accuracy of measurement instruments and data acquisition systems.

Instrumented Charpy Testing: Charpy impact tests were conducted on third-size specimens from
the base metals, weld metals, and HAZ. The results indicated that the base metals in the
longitudinal orientation exhibited high upper shelf energies (USE) and low ductile-to-brittle
transition temperatures (DBTT). However, most specimens tested in the transverse orientation
did not meet the API 5L requirements. The seam weld metals and HAZ also showed varying
degrees of toughness, with only a few specimens meeting the required standards.

Indentation Testing: Vickers and Knoop hardness tests were performed on the base metals, seam
welds, and girth welds. The hardness profiles showed an increase in hardness in the HAZ
adjacent to the weld cap, while the base metal and weld metal had similar hardness levels. Nano-
indentation tests revealed a minor decrease in hardness near the internal pipe surface but no
significant change in elastic modulus.

Discussion and Comparison: The report discusses the implications of the findings, highlighting
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the challenges in comparing vintage and modern pipeline steel due to differences in testing
methods and standards. The vintage X100 steel line pipe was found to be comparable to modern
X100 steel in terms of tensile properties and performance. However, the variations in chemical
composition and microstructure as well as low and varying toughness results underscore the need
for careful evaluation of vintage pipeline materials.

In summary, this report provides valuable insights into the properties and performance of a
Columbia Gas X100 pipeline steel, offering a foundation for future research and assessment of
similar materials in the pipeline industry. This report further underscores the importance of
having access to complete material data at the time of manufacture to accurately detect age
dependent property change, especially relevant to degradation, resulting in increased risk and
decreased system reliability.

This report is the final deliverable to meet the requirements of the interagency agreement (IAA)
between NIST and the U.S. Department of Transportation — Pipeline and Hazardous Materials
Safety Administration (DOT/PHMSA). The IAA was funded under DOT contract
693JK319N000013-001, more details about this research project can be found on the
DOT/PHMSA website under project number 863.
https://primis.phmsa.dot.gov/matrix/PriHome.rdm?prj=863
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1. Introduction

1.1. Motivation

The US Department of Transportation (DOT), Pipeline and Hazardous Materials Safety
Administration (PHMSA), in coordination with the Department of Commerce, National Institute
of Standards and Technology (NIST), are congressionally mandated to carry out a program of
research, development, demonstration, and standardization to ensure the integrity of pipeline
facilities. This requirement was instituted via the Pipeline Safety Improvement Act of 2002 and
subsequently amended by the Pipeline Safety, Regulatory Certainty and Job Creation Act of 2011;
and 15 U.S.C. §§ 272(b)(5), (10), (11) and 272(c) authorizing NIST statutory authority to undertake
these activities. These Acts highlight that NIST shall evince its expertise in materials research and
assist in the development of consensus technical standards, as that term is used in section
12(d)(4) of Public Law 104-13 (15 U.S.C. 272 note) and provide an opportunity for PHMSA to seek

material research expert services from NIST.

The research herein includes mechanical metallurgy on X100 pipeline steel extracted from an
experimental transmission pipeline section placed into service by Columbia Gas in the early
1960s. DOT/PHMSA has expressed an interest in detailed studies on the mechanical properties
of the pipe via microstructural analysis, tensile testing, Charpy testing, and hardness mapping.
These studies have been conducted on both this pipe prior to use and on a more modern X100
(circa 2000s) and will therefore facilitate discussion about property changes due to time- and
service-related degradation and property differences due to chemistry and microstructure. This
work extends these studies with the addition of instrumented sub-size Charpy testing, and
instrumented nano-indentation. The mechanical properties are correlated with microstructure
and chemical information via analytical electron microscopy, thereby providing processing-
structure-property-performance relations for the pipe provided and a more modern X100. NIST
participated in and conducted research on a modern X100 pipeline steel and girth welds under
DOT/PHMSA Research Project DTPH56-07-T-000005, Weld Design, Testing, and Assessment

Procedures for High Strength Pipelines [33], Weld Design, Testing, and Assessment Procedures
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for High Strength Pipelines [1]. In all studies, base metal, heat-affected zones (HAZs), and weld

metals were examined.

1.2. Background

The American Petroleum Institute (API) Specification for Line Pipe (5L [6]) [2] is such that the
label, X100, for example, refers to line pipe with 100,100 psi (690 MPa) minimum yield strength.
The Columbia Gas System Service Corporation [3] demonstrated the feasibility of utilizing a
higher strength X-series steel with minimal economic drawbacks. Such steel was suggested for
implementation into onshore gas transmission pipelines [4]. A comprehensive review on the
welding of oil and gas pipeline steels suggested a shift from line pipe grades X65, X70, and X80 to
higher strength such higher strength grades such as X90, X100, and X120 [5]. These low alloy,
carbon steels had previously exhibited fully ductile fracture behavior during full-scale burst tests

at ambient temperature [6] [7].

API 5L [2] will be used here as the reference requirements for the pipe body properties. While
some tests reported here include seam weld properties, there are no weld procedures (from the
1960’s) or weld qualification requirements (from the 1960’s) available to compare the provided
X100 joints and seams. Moreover, 21 century weld procedures and qualification requirements
are unlikely to be applicable to the vintage materials. Additional weld material has been retained
for potential future work in this area of interest, but no previous weld data is available for a
suitable time-history comparison. Charpy V-Notch (CVN) testing was performed on specimens
notched to characterize base metal (BM), weld metal centerline (WMC) and heat affected zone

(HAZ) material as part of the requirement for API 5L.

A European Commission report on the mechanical characteristics of API 5L - X100 quantified the
mechanical properties and fracture resistance in both plate and pipe for evaluating the effects of
pipe forming, as well as defect damage tolerance requirements, and correlated ductile-to-brittle
transition temperatures to previously measured values [8]. It has been shown that there existed
anisotropic behavior in X100 plates between the rolling and transverse directions [9], and was
investigated by the Materials Reliability Division of NIST in 2008 [10]. Pre-strain from forming
reduces ductility and crack growth resistance [11]. Environmental factors have also been

investigated in X100 steels with respect to strain-aging [12], [13], [14], hydrogen embrittlement
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[15], [16], [17], [18], carbonate corrosion [19], simulated bitumen [20], simulated soil [21], oilfield
produced water and brines [20], HzS [23], and NaCl with Mg and Ca [24]. The ductile fracture

behavior of X100 has also been characterized in previous studies [25], [26].

The microstructure of X100 has been described as ferritic/bainitic, containing martensite-
austenite (MA) [15], as well as acicular ferrite [27]. The effect of the crystallographic texture on
the mechanical properties of X100 has also been investigated with respect to finish rolling
temperature [28], [29]. The strengthening mechanisms have been attributed to solid solution
strengthening, as well as grain boundary, dislocation, and precipitation strengthening [30]. The
relationship between crystallographic texture (from rolling) and fracture behavior have also been
studied via Charpy impact toughness on X100, where it was observed that controlled rolling

processes can result in superior impact toughness when performed at lower temperatures [31].

A series of studies in 2011 reported on the development of optimized welding of X100 [32] and
mechanical testing and assessment of X100 welds [1]. They were both prepared for the Design,
materials, and Construction Technical Committee of Pipeline Research Council International
(PRCI), and the United States Department of Transportation Pipeline and Hazardous Materials
Safety Administration (PHMSA). Later studies investigated the on-scene weldability of X100
pipelines [33], microcracks of X100 weld joints heat affected zones (HAZs) [34], as well as
structure-property-fracture mechanisms [35]. The morphology of the bainite in the nugget zone
in X100 welds was found to be affected by the stirring tool material during friction stir welding

[36].

1.3. Historical Pipe and Data

In 1964, the Columbia Gas System Service Corporation (Columbia Gas) requested the United
States Steel Corporation to investigate the possibility of producing a large-diameter pipe with a
minimum yield stress of 100,000 psi (689 MPa). Columbia Gas produced and installed a section
of this pipe parallel to an existing 26 in (0.66 m) pipe. The test section consisted of 1,193 ft
(366 m) of 36-inch (0.91 m) OD X100 pipe with a wall thickness of 0.25 inches (6.35 mm) and
short sections of X60 with a wall thickness of 0.45 in (11.4 mm). Columbia Gas capped both

ends of the 1,193 ft (366 m) section of pipe and connected it to the main transmission pipeline
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via a two-inch (50.8 mm) line, making the experimental pipe serve simply as a pressure vessel.

The experimental pipe did not transmit gas.

R. S. Ryan described the pipe and installation process in detail [1], though much of the
publication focused on the nuances of installing the pipe, including grading/ditching, coating,
backfill, and bending long (20 ft - 60 ft/6 m - 18 m) sections of pipe. In the paper, R.S. Ryan
noted that US Steel formed the pipe into cylinders, welded it along the seam, and then
guenched and tempered it. US Steel heat-treated the seam welds producing the pipe section
before field deployment. Workers connected separate sections of 20-foot (6 m) pipe via

automated or semi-automated girth welds.

The mechanical property data provided with the original pipe is sparse. The “minimum yield
strength” is given as 100,000 psi (689 MPa) with a minimum tensile strength of 115,000 psi (793
MPa) and an elongation of 15 %. There is also a singular Knoop indentation trace across a girth
weld (shown in Figure 1) and two graphs related to Charpy impact testing: impact energy and

shear area (shown in Figure 2).
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Figure 1 - Knoop indentation trace across a girth weld, from R. S. Ryan (1965).
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Figure 2 - Charpy test data (absorbed energy on the left and shear fracture on the right) reported by R. S. Ryan
(1965).

Unfortunately, these are all the historical data that were provided about the pipe. In the paper
from 1965, R.S. Ryan makes three references to other sources which may provide information

about the historic X100 pipeline steel:

e  “Afurther indication is the performance of a similar material in the Athens tests.”

e “Generally, the shipping instructions were based on the work done by the AGA NG-18
program.”

e “There are several ways to increase yield strength beyond the present levels of the semi-
killed steels, i.e., fully killed steel, alloy steel, and heat treatment such as normalizing or
guenching and tempering.”

The first quote references the Athens tests, which were a series of full-scale rupture tests carried
out by the Battelle Memorial Institute in Athens, Ohio [37]. The second quote references the
American Gas Association NG-18 program, which was a program conducted over approximately
40 years in the mid to late 1990’s. The comprehensive NG-18 program investigated several steel
chemistries and testing geometries to produce crack models in natural gas pipeline steels and
develop strategies to arrest existing cracks in pipelines [38]. The historical work that was

referenced by R.S. Ryan most likely refers to a 1963 NG-18 report [39].

The third quote indicates that the experimental X100 pipe is of the semi-killed type, where the
steel is partially de-oxidized during production, typically using silicon. The reduction in oxygen
content in semi-killed steel reduces the development of porosity (via the production of CO

bubbles) during welding, therefore increasing weldability. In the case of a fully killed steel,
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aluminum is used in place of silicon to further reduce the oxygen content and improve
weldability. The reference to semi-killed steel in the R. S. Ryan manuscript may indicate some
expectation of the chemistry of the experimental X100 pipeline steel. A 2005 report on vintage
pipelines authored by Battelle Memorial Institute discusses these various processes with respect

to historical timeline and implementation [40].

The Charpy tests performed in this study were conducted on third-size specimens (thickness B =
3.3 mm, width W =10 mm). This geometry was chosen for the following reasons.

1. The reported pipe thickness was 0.25” (6.35 mm) and therefore insufficient to extract
full-size Charpy specimens. This necessitates the use of subsize specimens since
miniaturized samples had not yet been introduced in the 1960s.

2. The energy levels reported in the R. S. Ryan manuscript are indicative of a sub-size
geometry and the third-size specimen dimensions result in the maximum material use
given the wall thickness limitations.

The orientation of the samples (longitudinal or transversal) is also undocumented in the R. S.
Ryan manuscript, while it is reasonable to assume the data in Figure 2 were obtained from the
base metal (pipe body).

Open literature resources were exhausted with remaining unknowns about the provided X100
steel. PRCI provided 37 documents related to the AGA NG-18 program. Steels described in these
reports were compared to the current knowledge of the vintage X100 pipeline steel and will be

discussed where appropriate, yet specific details remain copy protected by PRCI.

Additional information about the historic pipe was sought from TC Energy (previously Columbia

Gas). TC Energy was able to provide some historical documentation, but mainly consisting of:

e Records of hydrostatic tests of installed pipe sections.

e Visitor lists and lists of “Workers on Atlantic Seaboard Corporation’s 36” X-100
Experimental Line”.

e Afailure report for a seam weld that failed in the field during installation.

e Invoices and receipts for the use of an AMF welder and miscellaneous supplies for use
during the installation of the pipe section(s).
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The historic documentation provided by TC Energy is included in Appendix A. One especially
notable document is a letter describing the hydrostatic testing of the “36” Line WB-5.” In this
letter it is noted that:

e The X-60, .438 Wall Pipe in Sections 1, 2, 4, 5, and 6 has a specified minimum yield of 1460

PSI.

e The original test sheets will remain on file at Dranesville.
This indicates that the thicker pipe wall sections, P3S1 and P3S2, are likely X60 grade material
(from 1967), which is not of specific interest to this project. Mechanical testing will be carried out
on the base metal, but the multi-thickness, multi-material welds do not provide any insight into

the welding of the vintage X100 material.

The second note that the original test sheets will remain on file at Dranesville indicates that there
was at one time a stock of original material. Despite communication with US Steel, TC Energy

(formerly Columbia Gas), and PRCI, no original material could be located.
1.4. Project Output

There is little data available that is verifiably associated with the X100 pipeline steel referenced
in the R.S. Ryan paper. Furthermore, there is no data available that is verifiably associated with
the exact sections tested at NIST. Without control specimens (i.e., original X100 pipeline that
was not buried or pressurized with natural gas) or data from the original pipe, there is no
appropriate way to verify any change or degradation in microstructure, chemistry, or mechanical
properties of the line pipe steel provided to NIST. The only data that can be referenced is the

minimal Charpy impact and hardness indentation data provided by R.S. Ryan.
As an output to this project:
e The collected data will be compared to the original indentation presented by R.S. Ryan

whenever possible.

e All collected data (raw and processed) will be provided in a repository as baseline data for
future researchers.

e All specimens and material from the project will be provided to the Pipeline Research
Council International (PRCI) for inclusion in their warehouse of pipeline materials for use
by future researchers.
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The data repository for this project can be found at the following location:

https://doi.org/10.18434/mds2-3322

2. Materials and Methods

2.1. As-Received Materials

Three pipe sections of the experimental X100 pipeline were received at NIST and the cut plan
that was devised based on the test requirements prescribed by APl 5L. The three pipe sections,
named Pipe 1 (P1), Pipe 2 (P2) and Pipe 3 (P3), all contain a variety of welds, and pipe body
sections with different wall thicknesses, and welding methods. Each pipe body section was
formed from quenched and tempered plate, therefore giving them a designation of X100Q, and
being categorized as a PSL 2 pipe with submerged arc welded longitudinal seams (SAWL/LSAW).
These designations are based on current API 5L line pipe specifications since X100 (Q or M) was
not included in the specifications at the time of manufacture. The pipe section dimensions, and

construction details are given in Table 1.

The pipe construction details and measurements were collected, and three-dimensional (3D)
computer aided design (CAD) software was used to create digital models of the pipes. These CAD
models were used for subsequent sectioning plans to ensure that specimens were extracted from
known locations in the pipes with respect to key weld features in the pipes. Pipe details can be

found in Appendix B.
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Table 1. As-Received Pipe Section Dimensions and Construction Detail

Pipe Designation | Total Internal Wall Seam Girth Seam
Section Length | Diameter | Thickness | Welds Welds Offset
) 495 in 35.1in 0.26in o

Pipe 1 P151 (1.26 m) | (89cm) | (6.6 mm) 1 1 154
(P1)
P1S2 1
. 47.25in 35.1in 0.26in o
Pipe 2 P251 (1.2m) | (89cm) | (6.6 mm) 1 1 20
(P2)
pP2S2 1
0.45in
97 in 35.1in 95° (S1
PISL | 2a6m)| (89cm) | 114 ! 2 t052)
mm)
Pipe 3 0.45in
26° (S1
P3 P .
(P3) 352 (11.4 1 t0 53]
mm)
0.26in
P3S3 (6.6 mm) 1
Section Designations include the pipe number and the seam weld number (same as the
section number), e.g., P1S1 translates to Pipe number one and seam weld (or section)
number one.

Isometric views of the pipe section models can be seen in Figure 3. Not all pipe sections received
were coated for corrosion protection, some had some coating and others had none, which
resulted in significant corrosion. All sections removed were sent out to a vendor to have that

coating removed by media blasting with a fine-grained Silicon-Carbide (SiC) media.

Figure 3 - Isometric view of each modelled pipe section.
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The sections removed by plasma cutting were then documented and modelled in the 3D-CAD
software modelled, the specimen layout and cut path was designed to maximize the use of
available material. Blanks were sectioned for Charpy V-notch (CVN), single-edge bend (SE(B)),
single-edge tension (SE(T)), base metal round tensile specimens, all weld-metal (AWM) round
tensile specimens, along with net shape full-thickness longitudinal and transverse tensile
specimens. Not all specimen types were machined for this study, blanks were retained for
potential future research. A total of 19 plasma cut sections were sent to the waterjet vendor. A
representative cut plan is shown in Figure 4. All 19 cut plans (including annotations for specific
specimen names) are provided in Appendix C. The cut plans were named according to the
location of the section, for example P1S1 is a cut plan from pipe section 1 (see Fig. 2) and includes
the seam weld, where P1S1-90 is a section taken from pipe section 1 oriented 90 degrees from
the seam weld, and P151-180 is a section from pipe section 1 oriented 180 degrees from the
seam weld. A summary of the test specimens taken from each section is given in Table 2, and

more detailed test matrices for specific tests are provided in the following section.
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Figure 4 - Example of a specimen sectioning plan sent to the waterjet vendor. This plan is for section P151, all
dimensions are in inches, more detail may be found in Appendix C. Specimen blanks shown are used for CVN,
tensile, SE(B) and SE(T) tests. Samplings for microstructure, chemistry and micro-hardness maps are taken from
remaining sprue material.
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Table 2 - Specimen sectioning summary.

Section Microstructure = Chemistry CVN Tensile = SE(B)  SE(T) Hardness
P1S1 SW, BM SW, BM @ SW, BM SW, BM SW, BM
P1S1-90 GW, BM GW,BM GW, BM BM GW, BM
P1S1-180 BM BM BM BM BM
P1S2 SW, BM SW, BM BM SW, BM SW, BM
P1S2-90 GW, BM GW, BM GW, BM GW, BM
P1S2-180 BM BM BM BM BM
pP2S1 SW, BM SW, BM @ SW, BM SW, BM SW, BM
P251-90 GW, BM GW,BM GW, BM BM GW, BM
P2S51-180 BM BM BM BM BM
P2S2 SW, BM SW, BM @ SW, BM SW, BM SW, BM
P2S2-90 GW, BM GW, BM BM GW, BM GW, BM
P2S2-180 BM BM BM BM
P3S1 SwW, GW, BM | SW, GW, | SW, GW, @ SW, GW, SW GW, SW, GW,

BM BM BM BM BM

P3S1-90 GW, BM GW, BM GW, BM GW, BM BM GW, GW, BM
BM

(P3S1-270) GW, BM GW,BM GW, BM GW, BM

P3S1-180 GW, BM GW, BM GW, BM BM GW, GW, BM
BM

P3S2 SW, BM SW, BM BM SW, BM BM BM SW, BM

(P3S2-90) GW, BM GW, BM BM GW, BM BM GW, BM

(P3S2-270) BM BM BM BM BM BM

(P3S2-180) BM BM BM BM BM BM

P3S3 SW, BM SW, BM  SW, BM SW, BM SW, BM

P3S3-90 GW, BM GW, BM BM GW, BM

P3S3-180 GW, BM GW, BM BM GW, BM

GW = Girth Weld (includes WMC and HAZ, as appropriate)

SW = Seam Weld (includes WMC and HAZ, as appropriate)

BM = Base Metal (includes longitudinal and transverse orientations)

Sections in parenthesis are included in other section cut plans.

Section numbers with -90, -180 and -270 refer to the circumferential section placement with
respect to the seam weld (in the “clock” coordinate system common for line pipe, these
would be 3 o’clock, 6 o’clock and 9 o’clock respectively).

Specimens for metallographic analysis and indentation were sectioned from the remaining
material after water jet cutting. A full layout of all pipe sections with the location of

metallographic/indentation samples is included in Appendix D.
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2.2. Design of Experiments

2.2.1. Chemical Characterization of Base Metal

Accurate chemical characterization of the vintage X100 base metal is critical to understand how
the pipe in question compares to historical and modern steels. Optical emission spectroscopy
(OES) was used in this study to determine the chemistry of each of the seven pipe sections
(P1S1, P1S2, P2S1, P2S2, P3S1, P3S2, and P3S3) in accordance with ASTM E415 [41]. OES
specimens were sections from the metallographic test specimens (Appendix D). The pipe
specimens were not adequate to cover the OES aperture, so specimens were melted prior to

chemical characterization. The test matrix for this task is given in Table 3.

Table 3 - Test matrix for microstructure and chemical analysis — Specimen micrographs are found in Appendix D.

Section Seam Weld Girth Weld Base Metal OES Chemistry
P1S1 X X X (BM, SW)
P1S1-90 X X
P1S1-180 X
P1S2 X X X (BM, SW)
P152-90 X X
P1S2-180 X
P2S1 X X X (BM, SW)
P251-90 X X
P251-180 X
P2S2 X X X (BM, SW)
P2S2-90 X X
P2S2-180 X
P3S1 X X X (BM, SW)
P351-90 X X
(P3S1-270) X X
P3S1-180 X X
P3S2 X X X (BM, SW)
(P352-90) X X
(P3S2-270) X
(P352-180) X
P3S3 X X X (BM, SW)
P3S3-90 X X
P353-180 X X
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2.2.2. Characterization of Microstructure and Chemistry of Vintage and Modern X100 Pipe

The welding process is inherently non-equilibrium the solid-state heating and cooling of the weld
pool and HAZs can lead to large gradients in material microstructure and chemistry. These
gradients and inhomogeneities will have significant impact on the mechanical properties of the
weld zone and should be fully characterized to complement investigations of mechanical
properties. In this task, NIST analyzed the microstructure and chemistry of the base metal, HAZs,

and weld zones via optical and scanning electron microscopes.

Optical imaging provides qualitative information about gradients in grain size, shape, and
morphology across the entire weld area and large areas of base metal. The speed of optical
imaging means that full optical images of all metallographic specimens have been collected. The
full optical images are large (>500 MB each) so they are provided in the data repository (see

Section 1.4). A subset of the optical images is shown in the results section.

Backscattered electron imaging in the scanning electron microscope can provide more
guantitative information over the entire weld area. Additionally, electron backscatter diffraction

(EBSD) provides localized information about crystallographic texture and grain size.

The test matrix for this task is given in Table 3. Microstructure and chemistry information is
necessary for each specific component (seam weld, girth weld or base metal) and orientation of
the sectioned pipes, one view is provided for each and is available in the project data repository

(see Section 1.4).

2.2.3. Instrumented Charpy Testing and Hardness Mapping of Vintage and Modern X100 Pipe

NIST owns three Charpy reference machines (compliant with ASTM E23 [42]) that help maintain
an accurate absorbed energy scale for Charpy machines around the world. Currently, NIST
certifies twenty-one standard reference materials (SRMs) that underpin quality control of impact
toughness for structural steels. Moreover, NIST is currently working with other national
metrological institutes (NMIs) to develop an approach to SRM certification that reduces the
measurement bias, with a focus on standardizing the design of instrumented strikers to provide

comparable force-displacement data across all types of Charpy machines via a true dynamic
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calibration procedure. As such, absorbed energy measured under the instrumented impact curve

will be traceable to force and time, linking the measurement to more fundamental quantities.

Transition curves for absorbed energy (traditionally known as KV) were obtained for base metals
of all pipes and sections in the longitudinal (L) orientation, by testing between 8 and 12 third-size
Charpy specimens in a range of temperatures encompassing lower shelf, ductile-to-brittle
transition region, and upper shelf (between -196 °C and 100 °C). The third-size specimens tested
(Figure 5) had a width W = 3.3 mm, which corresponds to 1/3 of the width of a standard Charpy
specimen (W = 10 mm), while thickness B and length L were the same (10 mm and 55 mm,
respectively). The notch depth (0.66 mm) also corresponds to 1/3 of the notch depth for a
standard specimen (2 mm). From each KV transition curve, the values of ductile-to-brittle
transition temperature, DBTT, and upper shelf energy, USE, were calculated. In addition to KV
values, values of lateral expansion (LE) and shear fracture appearance (SFA), estimated from the
instrumented force/deflection curves, are reported for information only. All tests were

instrumented.

DETAIL A
SCALE4:1

55.00

Figure 5 — Third-size Charpy specimens used in this investigation.

For the base metals of selected pipes and sections in the transverse (T) orientation and in
different clock positions (0°, 90°, 180°), 3 to 4 third-size Charpy specimens were tested at 0 °C.
The results obtained in the 90° clock position (P1S1, P2S2, P3S1, P3S2, and P3S3) were compared
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with the requirements of API 5L for pipe body of PSL 2 pipes, multiplied by the ratio between

sub-size and standard Charpy specimen widths.

For the weld metal and heat-affected zone of each seam weld, between 3 and 6 third-size Charpy
specimens were tested at 0 °C. The resulting KV values were then compared with the requirement
of API 5L for pipe weld and HAZ tests, again multiplied by the ratio between sub-size and standard

Charpy specimen widths.

Finally, two third-size Charpy specimens were tested at 0 °C for each girth weld (one in the weld

metal and one in the HAZ). Overall, 168 third-size Charpy specimens were tested.

The test matrix for this task is given in Table 4. Data and discussion from the testing are provided
in the results section. The full data set is provided in the NIST data repository (see Section 1.4).
The number of specimens tested are shown in parentheses: L and T refer to longitudinal
specimens and transverse specimens (these are specimen orientations), the notch orientations
are perpendicular to the specimen orientation and are not through-thickness but rather notched

from the inside-diameter (ID) side of the section.
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Section
P1S1-0
P1S1-90
P1S1-180
P1S2-0
P1S2-90
P1S2-180
P2S1-0
P2S1-180
P2S2-0
P252-90
P3S1-0

P351-90
P351-180
P352-0
(P352-90)
(P352-180)
P353-0
P353-90
P353-180

Table 4 — Test Matrix for Charpy V-Notch Testing.

Seam Weld
WMC (3), HAZ (3)

WMC (3), HAZ (3)

WMC (3), HAZ (3)

WMC (3), HAZ (3)

WMC (3), HAZ (3)

WMC (3), HAZ (3)

WMC (3), HAZ (3)

Girth Weld
WMC (1), HAZ (1)

WMC (1), HAZ (1)

WMC (1), HAZ (1) [0°]
WMC (1), HAZ (1) [90°]

Base Metal
L(4), T (4)
L(4), T (4)
L(4), T (4)
L(4), T (4)
L(4), T (4)
L(4), T (4)
L(4), T (4)
L(4), T (4)
L(4), T(3)
L(4), T (4)

L (4)

L(4), T (4)
L (4)

L (4)
L(4), T (4)
L (4)
L(4), T (4)
L(4), T (4)
L(4), T (4)

Tests that were compared to the API 5L requirements are indicated in bold. All specimens
were tested at 0 °C, except those longitudinal specimens used to establish the transition

curves.

Specimens were all subsize (third-size) type due to pipe wall thickness.

For full-size Charpy

specimens, the minimum average absorbed energy for the pipe body is 54 J (40 ft-lbs) for X100

pipes, whereas the minimum average absorbed energy for welds and HAZ is 40 J (30 ft-lbs).
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2.2.4. Tensile Testing of Vintage and Modern X100 Pipe

NIST participated in and conducted research on a modern X100 pipeline steel and girth welds
under DOT/PHMSA Research Project DTPH56-07-T-000005, Weld Design, Testing, and
Assessment Procedures for High Strength Pipelines [1]. In addition to conducting curved wide
plate (CWP) tests, NIST and project collaborators conducted several small-scale mechanical and

fracture tests. Small-scale test results have been disseminated in the final reports of the project.

In this current work, NIST conducted similar small-scale tests on the X100 vintage experimental
pipe as were conducted in the previous studies. These tests included full thickness base metal
tensile tests to determine longitudinal and transverse tensile properties. These tests also

included full thickness tensile tests characterizing both seam welds and girth welds.

The complete test matrix (see Table 2) includes single edge-notch bend (SE(B)) and single edge-
notch tension (SE(T)) fracture mechanics tests. It is important to note that these fracture
mechanics tests were not performed on the pipe prior to putting it into service, therefore no
time-history comparisons can be made. To ensure the test results accurately represent material
property differences, the standards, methods, instrumentation techniques, and analysis
procedures were compared and considered for potential bias in addition to the uncertainty from
the tests. The first proposed activity was to review the original test standards, methods,
instrumentation techniques and analysis procedures used for testing the vintage and modern
X100 steel and girth-welds. The originals are compared to currently used and accepted
techniques and procedures to find differences that would influence the comparison of

properties.

The pipes and welds were sectioned, and specimens machined per the test matrix. The next
activity was to compare test results and determine the material property differences between

each pipe section.

The tensile test matrix for this task is given in Table 5. Summary data from the testing is provided
in the results section. Complete test records from each specimen are provided in the project
data repository (see Section 1.4). The number of specimens tested are shown in parentheses: L

and T refer to longitudinal specimens and transverse specimens.
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The sectioning of tensile specimens from pipe sections is illustrated in Figure 6. This figure is
reproduced from Figure 5 of the API 5L specification. The L90 specimen is not required for pipe
diameters greater than 20 in. Furthermore, longitudinal specimens are not required at all to
meet the API 5L line pipe specification. All longitudinal tests were performed for comparative
purposes between original material performance data and modern X100 line pipe steel. Girth

weld testing in the longitudinal direction is also not a requirement for API 5L.

Round tensile specimens are an optional geometry according to APl 5L, however there are two
geometry requirements that are impossible to meet with the vintage pipes provided. Firstly, the
minimum diameter for a round tensile specimen according to APl 5L is 0.25 in (6.35 mm), and
this is not possible on a reduced section with a nominal pipe wall thickness of 0.25 in (6.35 mm).
Even if a smaller diameter was used, meeting ASTM A370, the API 5L specification requires that
specimens in the transverse direction are made from un-flattened pipe. This would only be
possible from the larger wall thickness pipes of P3S1 and P3S2 and very limited comparisons

would be possible, so the round bar tensile geometry was not used in this study.
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Table 5 — Test Matrix for Tensile Testing.

Section

P1S1
P151-90
P151-180
P1S2
P152-90
P152-180
P2s1
P251-90
P251-180
P2S2
P252-90
P252-180
P3S1
P351-90
P351-180
(P351-270)
P3S2
(P352-90)
(P352-180)
(P352-270)
P3S3
P353-90
P353-180

Seam Weld
L(1), T(2) W (1)

L(1), T(3)W(1)

L(1), T(1)W(1)

L(1), T(3)W(1)

L(1), T(3)W(1)

L(1), T(3) W (1)

L(2), T (6) W (1)

Girth Weld

L(3)

L(3)

L(3)
L(3)

L(3)

Base Metal
L (1)

L(3), T(3)T90 (3)
L(3), T(3) T180 (1)
L (1)

L(3), T(3)T90 (3)
L(2), T(3) T180 (1)
L (1)

L(3), T(3) T90(3)
L(3), T(3) T180 (1)

T (3) T90 (3)
L(2), T (3) T180 (1)
L(2)
L(3), T(3) T90 (3)
L (3), T (3) T180 (1)
L (3)

L(3), T(3)
L(3), T (2) T90 (3)
L (1), T (3) T180 (1)
L(3), T (2) T90 (3)
L (4)

L (6), T (6) T90 (3)
L (6), T (6) T180 (1)

Numbers in parentheses are the number of specimens tested per section. Bold numbers
represent the API 5L minimum requirement. P352-90 only has two of the required T90
specimens, however P352-270 should be equivalent and has two more specimens to meet
the minimum test specimen requirement.
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Key

1 W —transverse weld sample, centred on the weld

2  T180 — transverse sample, centred = 180° from the longitudinal weld
3 TS0 — transverse sample, centred = 90° from the longitudinal weld

4  L90 — longitudinal sample, centred = 90° from the longitudinal weld

Figure 6 - Schematic illustration of the required specimen orientation and circumferential location of tensile test
specimens according to API 5L.

2.2.5. Multiscale Indentation Mechanics of Vintage and Modern X100 Pipe

The hardness profiles of the weld zone were characterized in the R.S. Ryan paper [1] using a
Knoop hardness test. This technique clearly revealed a reduced hardness in the HAZ. The
following decades have since resulted in dramatic improvements in the spatial resolution of

indentation-based mechanics.

In this task, the single Knoop line profile (duplicating R.S. Ryan) is complemented by automated
large-area indentation over both girth and seam welds, extending the one-dimensional historical
data array into a two-dimensional property map. This allows for direct comparison with the
historical data, while introducing greater spatial resolution for characterizing the HAZ to base

metal transition zones.

Knoop hardness traces are made across all seam and girth welds. Vickers indentation is used to
measure variations in mechanical properties through the pipe wall thickness. Additionally,
Vickers indentation is used to map properties across entire girth and seam welds. The Vickers
indentation test results in a smaller, more symmetric indent allowing for higher resolution

property mapping over large areas.

A free copy of this report can be obtained from: Page 20|

https://doi.org/10.6028/NIST.IR.8535



https://doi.org/10.6028/NIST.IR.8535

NIST IR 8535

Instrumented nano-indentation (using a Berkovich indentation geometry) is used to measure the
mechanical property of materials at the nanometer scale. Nano-indentation results in a much
smaller plastically deformed zone and much higher precision in lateral positioning, allowing for
spatial resolution 100x to 1000x better than Vickers or Knoop indentation. In this case,
instrumented nano-indentation is used to measure how variations in the material microstructure

(specifically near the internal and external surfaces of the pipe) impact the localized mechanical

properties.

The test matrix for this task is given in Table 6. Representative data from the Knoop, Vickers, and
nano-indentation testing is provided in the results section. Complete test data are included in

the data repository (see Section 1.4).

Table 6 - Test matrix micro-hardness mapping of welds.

Section Seam Weld

P1S1
P151-90
P1S2
P152-90
P251
P251-90
P252
P252-90
P3s1
P351-90
(P351-270)
P351-180
P3S2
(P352-90)
P3S3
P353-90
P353-180

2.3. Metallography

2.3.1. Metallographic Preparation

After separation from their host plate, the metallographic samples were sectioned using a high-

speed saw. The saw and the specimen were water-cooled during cutting to provide lubrication

X

Girth Weld

Base Metal
X

X
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and prevent any significant temperature rise in the specimen being sectioned. No specific
corrosion protection was provided during this step, as all specimens would be polished following
sectioning. The metallographic samples were sectioned to a major dimension of less than 31 mm

to allow for mounting into phenolic resin.

Specimens were then mounted in a thermosetting, electrically conductive phenolic resin using a

heated mounting press.

Damage from the high-speed saw was removed using diamond-embedded disks, moving to finer
grits during polishing, including 240 grit, 320 grit, 480 grit, 600 grit, 800 grit, and 1200 grit.
Following grinding with the diamond disks, specimens were polished using diamond slurry
decreasing in grit size including 9 um, 6 um and 3 um. All specimens were subsequently polished

with the 1 um diamond slurry until all scratches from previous polishing steps were removed.

For electron backscatter diffraction and nano-indentation, the specimens were polished using a
0.05 um colloidal silica suspension with a vibratory polisher for up to four hours. Polishing for

more than four hours was found to produce surface relief in the metallographic specimens.

2.3.2. Optical Microscopy

Specimens for optical microscopy re-polished using the preparation steps listed previously and
were etched using a 2.5% Nital etchant (5 ml 50% nitric acid solution to 100 ml methanol) to
reveal the grain structure. Specimens were submersion etched for approximately 30 seconds,
until the polished surface clouded over, and the bulk grain structure was visible. Specimens were

immediately washed with isopropanol to prevent corrosion.

Etched metallographic specimens were imaged with a digital optical microscope to provide a bulk
overview of the microstructure. Specimens were then imaged in bright field with an inverted
metallographic microscope. Images were collected at a magnification of 10x (0.61 um pixel size)
with an image size of 2048 x 2048 pixels. The open-source micro-manager software [43] was used

to image over large areas and stitch the resulting images.

A portion of the optical microscope images are included in this report, but the images are very

large (>200 MB per image), so the full data set is provided in the data repository (see section 1.4).

A free copy of this report can be obtained from: Page 22|

https://doi.org/10.6028/NIST.IR.8535



https://doi.org/10.6028/NIST.IR.8535

NIST IR 8535

2.3.3. Scanning Electron microscopy

Backscattered electron images were collected to provide higher resolution imaging of the base
metal, weld, and heat affected zone microstructures. Images were collected with an accelerating
voltage of 5 kV, a beam current of 1.3 nA. Dwell time was adjusted as appropriate to produce
acceptable single-to-noise ratio. An automated large-area imaging and image stitching software

package was used to collect and stitch images over large areas.

In addition, electron backscatter diffraction (EBSD) was used to measure microstructure metrics
in welds, heat-affected zones, and base materials. The scanning electron microscope was
operated under the following conditions on samples tilted 70 degrees: 30 kV accelerating voltage,
120 um aperture, and a 19 mm working distance. Large areas were surveyed using a multi-tile
method where a given tile was approximately 450 um x 450 um in size and the entire row of
stitched tiles spanned a length of 8 mm. These EBSD maps were recorded using a step size of 750
nm. Smaller areas were further analyzed in the base metal using a 250 nm step size during

acquisition of a single tile.

2.4. Tensile Testing

Testing according to APl 5L requires that ASTM A370 be followed as the standard test method,
ASTM A370 references ASTM E8. While ASTM A370 provides an overview and references ASTM
E8 for detailed procedures, ASTM E8 contains the in-depth guidelines required to perform
tension testing accurately and consistently. Despite specimens being curved, the standard
application will be for plate-type specimens having a reduced section width of 1.5 in (38.1 mm)
and a gauge length of 2 in (50.8 mm). Values stated in in-pound units are regarded as the
standard. Units converted from inch-pound to Sl are not required for the standard, furthermore
in-pound units were the original units used when the vintage X100 pipe sections were
manufactured. The plate-type specimen dimensions relevant to this study follow the
Rectangular Tension Test Specimens fully described in Figure 3 of the ASTM A370 standard (see
also Figure 1 of the ASTM E8 standard). Allowable deviations to the specimen geometry are
related to the length and width of the grip section (grip-tab). Gauge marks for the purpose of
measuring elongation after fracture are replaced with welded studs, described below in section

2.4.3.
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2.4.1. Specimen Geometry and Measurements

Full-wall-thickness specimens were waterjet cut from each pipe section; the specimens were dog-
bone shaped where the reduced section length was greater than 8 times that of the thickness.
All specimens had the same nominal shape, shown in Figure 7. However, the waterjet nozzle was
always perpendicular to the working surface and not perpendicular to the tangent point on the
surface of the pipe section. This resulted in specimens with parallel edges, but not necessarily
perpendicular to the inside diameter or outside diameter surfaces of the pipe section. The cross-
sectional area, for stress calculation, was taken as the edge-to-edge width multiplied by the
average thickness of the specimen (pipe wall), measured for each specimen. The thickness was
measured with a digital micrometer equipped with a flat anvil (OD side) and a ball end anvil (ID
side). Three thickness measurements along the length of the specimen were taken and averaged.
The edge-to-edge width was the average of three measurements along the reduced section using

digital calipers.

9.25 3.573
1.50

R1.00

2.839

[— 2,00 —=

Figure 7 - Nominal shape and dimensions of full-wall-thickness tensile specimens. All dimensions are in inches.
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2.4.2. Flattening Procedure

Specimens tested that were transverse to the longitudinal axis of the pipe sections required
flattening prior to testing. The flattening procedure for these specimens used a four-point bend
fixture. Specimens were placed into the fixture and were loaded and moved incrementally to
reduce the occurrence of reverse-bending the specimens. The four-point bend fixture is shown
in Figure 8. Each specimen required manual adjustments to the incremental loads applied,
since a standard load or displacement value for each successive loading did not lead to the

desired outcome.

W

Figure 8 - Flattening fixture used for transverse tensile specimens. Four-point bend arrangement with a lower
span of 4 in and upper span of 2 in.

The procedure for each incremental loading began with the specimen grip-tab edge close to the
center of one of the bottom span rollers as shown in Figure 8. After loading and unloading, the
specimen was shifted so that it was centered within the upper and lower spans and was loaded
and unloaded again. The specimen was then shifted again so that the opposite grip-tab was
flattened, with a similar alignment to the first loading. The specimen was shifted within these

three positions with progressive loading and unloading, until the center (reduced gage section)
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was flattened. Flatness of the gage section was verified for each specimen using a ground steel
reference plate and feeler gauges (within 0.5 mm). The ends of the specimens, specifically,

nearest the grip-tab edges were the least flat section resulting from this method.

This method required some craft to obtain the best possible flatness in the gage section without
inducing a reversal in curvature, and subsequent correction. The method was effective on base
metal and welded specimens; however, it was more difficult to demonstrate flatness on the

welded specimens due to the root pass weld reinforcement.

The remaining curvature of the end tabs presented a possible source of bending in the specimen
at the beginning of the test. One of the specimens was instrumented and loaded into the
hydraulic grips while data was recorded to capture any bending strain induced due to the gripping
process. The procedure was to install and grip the specimen in the upper hydraulic grip, install
the extensometer, and zero (tare) the force and extensometer signals while in displacement
control. Then switch to force control (set at zero force) and apply gripping pressure on the lower
grip-tab while collecting data from the process. Examining the data from this process showed
that less than 0.2 % strain was imposed on the specimen as a combined result of a bending
moment induced by the gripping processes on the curved grip-tabs and the change in machine
displacement to accommodate the zero-force command. This amount of strain is above the
signal noise floor but is not large enough to require a procedure change. Furthermore, the post-
test analysis procedure for each test includes slack compensation that eliminates non-linear

response at the beginning of the test.

2.4.3. Specimen Preparation

Each specimen was measured and scribed for the installation of a threaded stud. The threaded
studs were welded to the ID surface of the specimens with a capacitive discharge stud welder.
A cam-like fixture with a hardened steel pin was installed on each stud to interface with the
extensometer. A post-test photo of a specimen is shown in Figure 9, illustrating the alignment
scribe lines and showing the welded studs. A specimen loaded into the hydraulic grips is shown

in Figure 10, along with a photo of the extensometer installed on the specimen.
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Figure 10 - Full wall thickness tensile specimens were tested in a servo-hydraulic universal test frame and were
gripped in hydraulic grips (left). A close-up view of the gage section of the specimen on the ID side shows how
the extensometer is attached to the specimen prior to testing (right).
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2.4.4. Tensile Testing Procedure

All instruments used during the test procedure were calibrated according to the manufacturer’s

specification and appropriate ASTM Standards. Each tensile test was conducted according to the

same machine control profile. After measurement/layout and stud welding procedures (see

above section), each specimen was tested according to the following procedure:

1.

13.
14.
15.
16.
17.
18.

Measure specimen thickness and gage length between pins and input into the summary
spreadsheet.

On gage pins, add a nut, clip gage fixture, and another nut — tighten when aligned.

Insert tensile specimen into top hydraulic grip, center it, then tighten w/ hydraulic
pressure.

Raise bottom grip in displacement mode.

Zero the force signal.

Go to force control and immediately close the bottom hydraulic grip.

Apply a pre-load to the specimen using manual command - 0.1 kip in tension.

Install the extensometer and zero the signal.

Remain in force control and release the manual command.

. Click New Specimen in the program “Flat Tensile Test” and type the specimen ID.
. Click the start button, fill in the user input window, click Ok.
. While the test runs, measure the next specimen’s dimensions and update the summary

spreadsheet.

At the completion of the test, click new specimen and switch to displacement control.
Remove the extensometer.

Release the bottom hydraulic grip — remove the specimen half.

Release the top hydraulic grip — remove the specimen half.

Remove the nuts and clip gage fixtures from the welded studs.

Measure total elongation and input into the summary spreadsheet.

Each specimen was tested to failure at room temperature using a displacement-controlled rate

of 0.05 in/min.
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2.4.5. Tensile Analysis Procedure
The data record for each specimen was analyzed using a spreadsheet template with data
reduction and analysis algorithms developed by NIST for this program. This ensured that each

specimen was analyzed using the same procedure with similar variable adjustments.

The following generalized procedure uses the spreadsheet and requires some level of
engineering judgement; the number of specimens analyzed did not warrant the next level of

programming to automate the analysis.

1. Open the tensile analysis spreadsheet template.
2. Navigate to the (next) specimen folder and open the specimen.dat file.
3. Copy-Paste the tab-delimited columns from the specimen.dat file into the Raw Data
worksheet of the analysis spreadsheet.
4. Examine the plot shown on the Raw Data worksheet and determine the last significant
data point.
Delete all data rows past that last significant data point.
On the Reduced Data worksheet adjust the number of rows to match the raw data.
Examine the Slack Plot and adjust the range to match the best linear portion of the curve.
Using the Goal Seek function (on cell J21), find the 0.2 % offset yield stress.
a. Adjust the strain range to ensure that the yield strain is within the range.
b. Iterate as needed.
9. Copy the specimen results into the summary spreadsheet.
10. Save the file with the specimen ID in the appropriate folder — save the analysis file as the
next specimen ID and repeat the steps starting with number 2.

© N o w

The spreadsheet automatically calculates the engineering stress, engineering strain, and slack-
compensated engineering strain. The slack-compensated engineering strain is dependent on the
user defined linear range (taken as a percentage of the UTS). This is the same linear range used
to calculate the elastic modulus. Slack compensation can affect the 0.2 % offset yield, the stress
at 0.5 % strain, as well as the strain at the ultimate tensile strength (UTS), also referred to as
uniform elongation. The source of slack can include straightening of curved specimens, noise in
the extensometer data, or non-linearities associated with the extensometer seating on the

specimen gage pins.

A representative Slack Plot is shown in Figure 9. Here, the difference between the original strain-
dependent data and the slack-compensated data is less than 0.13 % for this specimen; some

specimens exhibited more signal noise and non-linearity at the beginning of the test than this
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one. The maximum difference between the original and slack-compensated strain-dependent
data for all the tests was 2.3 %. The horizontal lines in Figure 11 define the upper and lower
bounds over which the modulus is calculated. The fitting coefficients of that line are used to
calculate the offset strain to compensate for slack. The vertical line is the 0.5 % strain line, and
the corresponding stress is determined as the intersection of that line with the stress-strain
curve. The 0.2 % offset line has the same slope as the calculated modulus, and the stress is

determined as the intersection of that line with the stress-strain curve.

P4

100

© Original

90 rd Slack Compensated

30 S
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Figure 11 - Stress-strain curve of specimen P4 (from P3S2), illustrating the Slack Plot used in the data analysis
spreadsheet. The slack compensation for this specimen was minimal, resulting in a uniform elongation
difference of 0.003 %.

Only the data that are relevant to this comparative study is presented. According to API 5L, the

yield stress (0.2 % offset method), the yield stress (defined as the stress at 0.5 % strain), the
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ultimate tensile strength (UTS), yield to tensile ratio, uniform elongation, and seam weld strength

are the only tensile properties of concern.

The tensile requirements for X100Q PSL 2 pipe according to APl 5L are given in Table 6. The
specified minimum elongation is given by the following equation:

0.2
xc

Af:CW

where Cis 625,000, Ax for all specimens tested in this study is the cross-sectional area of the

specimen measured to the nearest 0.01 in? and U is the minimum tensile strength which is

110,200 psi.
Table 7 - Tensile property requirements for X100M or X100Q — excerpt from API 5L.
Pipe Body Properties Seam Weld
Yield Strength (psi) UTS (psi) Y/T (ul) Af (%) min UTS (psi)
min max min max max 0.25in 0.5in min
100,100 121,800 110,200 143,600 0.97 13.7 17 110,200
Yield Strength (MPa) UTS (MPa) At (%) min UTS (MPa)
min max min max 6.35mm | 12.7 mm min
690 840 760 990 13.7 17 760

There is a caveat in API 5L for the yield to tensile (Y/T) ratio for grades greater than X90, where
instead of the yield strength being defined as the stress at 0.5 % strain, the yield stress for this

ratio is the 0.2 % offset yield stress.

2.5. Instrumented Charpy Testing

Charpy impact tests on third-size specimens extracted from base metals, weld metals, and heat
affected zones were conducted on a large-capacity (950 J) machine equipped with an 8 mm?

instrumented striker. The velocity at impact was 5.47 m/s.

The energy absorbed at specimen fracture (absorbed energy, KV) was measured by means of a

digital encoder, based on the fall, and rise angles of the hammer and accounting for windage and

1 8 mm indicates the radius of the striking edge.
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friction losses. As ancillary information, the following was measured and reported for every
specimen tested:

e lateral expansion, LE (mm): combined height of the shear lips generated by plastic
deformation of the sample during fracture, measured by means of a caliper; and
o (estimated) shear fracture appearance, SFAes: (%): percentage of ductile (shear)
fracture surface.
The latter parameter, SFAes:, was calculated from the instrumented force-displacement curve of

each test performed (see an example in Figure 12), using the following equation:

Fiy—Fg

— X 100
Fm+0.5(Fn—Fgy)

SFA,q = [1
(1)

where in Figure 12:

e Fj, =force at unstable crack propagation
e f,=crack arrest force

® fm=maximum force

e Fg =force at general yield.

Eq. (1) is one of four formulae reported in the ASTM E2298 and ISO 14556 standards. However,

this is the one adopted at NIST for SFA estimation, based on results published in [44].

Figure 12 - Example of instrumented force/deflection curve for a test in the ductile-to-brittle transition region.
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For some tests, instrumented data were not recorded due to a malfunction of the acquisition
system. In other instances (particularly at the lowest temperatures and for extremely brittle
specimens), the analysis of the instrumented curve was extremely difficult, due to the low
levels of force and the very pronounced dynamic oscillations that were superimposed onto the
actual test record, which rendered almost impossible to determine the characteristic values of

force shown in Figure 12.

For each set of tests performed on the base metal of a specific pipe/section in longitudinal (L)
orientation, absorbed energy values, KV, were fitted as a function of test temperature using the

well-established hyperbolic tangent (TANH) regression model [37]:

KV

LSE+USE USE-LSE T—-DBTT
=y ek (5

(2)

where:

e Tisthe temperature (°C),
e [ SE (lower shelf energy) is the asymptotic value that the curve tends to as T decreases

()

e USE (upper shelf energy) is the asymptotic value that the curve tends to as T increases
(J)

e (Cis the half-width of the transition region between lower and upper shelf (°C)

e DBTT is the ductile-to-brittle transition temperature (°C), corresponding to the point
where KV = (LSE+USE)/2

The regression curve obtained is denominated transition curve (example in Figure 13), and the
main material parameters extracted from it are DBTT and USE. In the analyses conducted here,

LSE was set at the minimum recorded value of absorbed energy.
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Figure 13 - Example of absorbed energy transition curve for a low-strength steel.

2.6. Indentation Testing

2.6.1. Microhardness Indentation

Following mounting and metallographic preparation (including final polishing with 1 um
diamond slurry), specimens were placed in an automated microhardness tester. Both Vickers
and Knoop indentations were performed with an indenter load of 500 grams and a dwell time
of 13 seconds. Indentations were measured automatically using the microhardness tester
software.

Vickers indentation was performed across the thickness of the pipe base metal to establish the
degree of hardness variation that may exist due to potential through-thickness micro-structural
gradients. Weld cross sections (perpendicular to the weld axis) were mapped with Vickers
indentation to measure the hardness across the girth or seam weldments, including pipe steel

base metal, heat affected zone (HAZ) and weld metal regions.

Knoop hardness indentation traces were performed across weld cross sections to recreate the

data presented by R. S. Ryan [1].
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2.6.2. Nano-indentation

Following mounting and metallographic preparation (including final polishing with colloidal
alumina), specimens were placed on the stage of the nanoindenter. The nanoindenter was
equipped with a precision stage and a load transducer, allowing for instrumented indentation
and measurement of local hardness and elastic modulus.

Nano-indentation was performed using a Berkovich geometry indenter tip and a quasistatic load
function with a maximum load of 5000 uN. Load was applied over 15 seconds, held at the
maximum load for 5 seconds, and then unloaded over 15 seconds. Elastic modulus was
determined from the loading portion of the force-displacement curve and the hardness was
determined based on the known (assumed) tip geometry and the maximum displacement upon
loading.

Indentation was performed across a portion of the thickness of the pipe to detect any degree of
variation that may exist due to potential through-thickness micro-structural gradients.
Additionally, indentations were performed along the internal surface of the pipe to investigate
any variation or degradation in mechanical properties that may eventually be attributed to long-

term exposure to natural gas, but further research is necessary to explore this possibility.

2.7. Results

2.7.1. Material Chemistry

One (or more) specimens of base metal from each pipe section (P1S1, P1S2, P2S1, P2S2, P2S3,
P3S1, P3S2) were characterized by optical emission spectroscopy (OES), which included
meltdown of most specimens as the pipe wall thickness was too thin to fully cover the OES
aperture. The chemical characterization results, which were critical in the efforts to identify the
pipe in the historical literature, are provided in Table 8. Note that specimen OM2 is from a girth

weld connecting pipe specimens P3S1 and P3S2.
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Table 8 - Chemical composition of vintage X100 pipeline steels from optical emission spectroscopy.

C S P Si Cr Ni Mn Cu Mo Nb Ti Al \Y) Co w Sn Fe
AM1
(P151) | 0.24 | 0.02 | 0.016 | 0.04 | 0.05 | 0.02 | 1.21 | 0.03 | 0.1 | <0.01 [ <0.01 | 0.01 | 0.08 | 0.01 | 0.01 | 0.01 | Bal
AM2
(P151) | 0.12 | 0.024 | 0.012 | 0.15 | 0.04 | 0.03 | 0.62 | 0.03 | 0.45 | <0.01 | 0.01 |<0.01 | 0.02 | <0.01 | <0.01 | <0.01 | Bal
DM3
(P152) | 019 | 0.018 | 0.010 | 0.31 | 0.02 | 0.02 | 1.33 | 0.04 [ 0.01 | <0.01 | 0.01 | 0.09 | <0.01 | <0.01 | 0.01 | <0.01 | Bal
GM?2
(P2s1) | 025 | 0.02 | 0.011 | 0.27 | 0.02 | 0.02 | 1.24 | 0.03 | 0.01 | <0.01 | 0.01 | 0.07 | <0.01 | <0.01 | <0.01 | <0.01 | Bal
M1
(P252) | 024 | 0.017 | 0.010 | 0.29 | 0.02 | 0.02 | 1.31 | 0.03 | 0.01 | <0.01 | 0.01 | 0.08 | <0.01 | <0.01 | <0.01 | <0.01 | Bal
MM3
(P3s1) | 022 | 0.012 | 0.011 | 0.03 | 0.05 | 0.02 | 1.21 | 0.04 | 0.01 | <0.01 | <0.01 | 0.01 | 0.08 |<0.01 | <0.01 | <0.01 | Bal
oM1
(P352) | 0.21 | 0.016 | 0.01 |0.27 | 0.02 | 0.03 | 1.23 | 0.03 [ 0.01 | <0.01 | 0.01 | 0.07 | <0.01 | <0.01 | <0.01 | <0.01 | Bal
om2
(P35§' 0.13 | 0.021 | 0.018 | 0.51 | 0.11 | 0.63 | 1.19 | 0.18 | 0.12 | <0.01 | 0.01 | 0.02 | <0.01 | 0.01 | 0.01 | 0.01 | Bal
GW
RM1
(P353) | 0-19 | 0.015 | 0.009 | 0.28 | 0.02 | 0.02 | 1.29 | 0.04 [ 0.01 | <0.01 | 0.01 | 0.08 | <0.01 | <0.01 | <0.01 | <0.01 | Bal

2.8. Microstructure Analysis

2.8.1. Optical microscopy and BSE imaging

An example of both SEM backscatter imaging on polished specimens and optical bright field
imaging on etched specimens is shown in Figure 14. The provided optical and scanning electron
images provide a representation of the base metal microstructure, which is consistent through
all pipe sections. It should be noted that the optical images provide information like the
backscattered images, but the optical image collection time is approximately 1% of the required

time to collect a large-area scanning electron image.

Figure 15 illustrates the various microstructures present in and around a girth weld. Inset
images include the interface between the weld metal and heat affected zone (red), the
microstructure of the weld metal (green), the fine-grained heat affected zone (blue), and the

pipe base metal (orange).
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Lastly, Figure 16 shows a bright field optical image of a seam weld, the heat affected zone, and
the surrounding base metal, showing the consistent grain size between the three distinct

regions.

All raw imaging data is provided in the project data repository (see Section 1.4).
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Figure 14 — Scanning electron microscope backscatter images (EM3 RTT, EM3 ATT, EM3 PV) and optical bright
field images (AM1 RTT, AM1 ATT, AM1 PV) demonstrating the typical microstructure of the pipeline base metal.
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Figure 15 — Scanning electron microscope backscatter images illustrating the typical microstructure across the
regions of a girth weld (EM1 ATT Weld P1G1).
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Figure 16 — Optical image of seam weld illustrating the consistent grain size between the weld metal, heat
affected zone, and base metal (AM2 ATT).

2.8.2. Electron backscatter diffraction

Samples from selected pipe sections, welds, and orientations were prepared for further analysis
using diffraction-based techniques in the SEM. A summary of the three orthogonal views is
depicted in Figure 17 where a perimeter girth weld is used in that example. In many cases, the
welding process ranged from automated to semi-automated, and manual methods were also
employed. Between the welded regions and the joined base metals are heat-affected zones
(HAZ) where, in some locations, the microstructure morphology resembles the base metal, but
certain characteristics such as local misorientation and grain size tend to differ from the base
metal. In Figure 18, there are effectively two HAZ regions where the HAZ closest to the weld is
characterized by an extremely refined grain structure, higher kernel misorientation, and greater
grain orientation deviation as compared to the weld. The HAZ region closest to the base metal
also showed evidence of grain refinement compared to the base metal but was not as drastic of
a difference as depicted in the HAZ closest to the weld, evidenced in both the room

temperature alpha-Fe grains as well as the parent austenite grains. The HAZ closest to the base
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metal also contained the lowest average kernel misorientation and orientation deviation. The
average grain reference orientation deviation (GROD) value in degrees of orientation deviation
respectively changed from ~5 ° in the weld to ~4 ° in the HAZ near the weld to ~2 ° in the HAZ
near the base metal and back to approximately ~4 ° in the base metal. These same trends are
visible in the other orthogonal view, depicted in Figure 19. Regardless of the semi-automated
girth weld shown in Figure 18 or the manual girth weld shown in Figure 20, the trends of a
duality in HAZ regions exists. This is important to note since tensile specimens excised with a
tensile direction parallel the horizontal direction of Figure 18 and Figure 20 fractured at the
fusion line . The manual girth weld (location EM1) shown in Figure 20 also contains a columnar
microstructure (grain growth is parallel to the highest thermal gradient and varies spatially) in

the weld. The manual girth weld also contained large spherical gas pores in the weld.

PV of G-weld

PV ATT of G-weld
]
(]
[
(]
]
]
Plan view of
RTT surface ATT
[]
Radial view o -
through thickness Axial view
through thickness

RTT of G-weld

Girth weld

Figure 17 - Schematic of the three orthogonal views (PV, RTT, and ATT) characterized with scanning electron
microscopy.
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Figure 18 - a) An optical image of a girth weld, HAZ, and base metal from location KM2, depicted by an axial view
through the thickness (ATT) where a white rectangle indicates the location of a multi-tile large-area EBSD map.
The b) kernel average misorientation c) grain reference orientation deviation, and d) inverse pole figure maps
generated with EBSD while indexing body-centered cubic alpha-Fe are shown above. A child-to-parent
reconstruction was performed and a plot of the e) inverse pole figure map of the face-centered-cubic gamma-Fe
phase is shown.

Kernel Average
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Figure 19 - a) An optical image of a girth weld, HAZ, and base metal from location KM2, depicted by a plan view
of the surface (PV) where a white rectangle indicates the location of a multi-tile large-area EBSD map. The b)
kernel average misorientation c) grain reference orientation deviation, and d) inverse pole figure maps
generated with EBSD while indexing body-centered cubic alpha-Fe are shown above. A child-to-parent
reconstruction was performed and a plot of the e) inverse pole figure map of the face-centered-cubic gamma-Fe
phase is shown.
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Figure 20 - a) An optical image of a girth weld, HAZ, and base metal from location EM1, depicted by an axial view
through the thickness (ATT) where a white rectangle indicates the location of a multi-tile large-area EBSD map.
The b) kernel average misorientation c) grain reference orientation deviation, and d) inverse pole figure maps
generated with EBSD while indexing body-centered cubic alpha-Fe are shown above. A child-to-parent
reconstruction was performed and a plot of the e) inverse pole figure map of the face-centered-cubic gamma-Fe
phase is shown.

The base metal was analyzed in three orthogonal views to understand the influence of surface
conditions on the microstructure present in these pipe sections. In Figure 21, a multi-tile map
was recorded on the ATT view from the outer diameter of the pipe towards the interior base
metal. Within the first 200 microns of the outer diameter, a refined grain structure exists and is
likely caused by processing routines and environmental effects over time. The refined portion
tends to have more randomly oriented grains, lower grain orientation deviation and a smaller
grain size. When all three orthogonal planes were analyzed, the trend remained. Figure 22 and
Figure 23 respectively quantify the orientation and grain size metrics of the ferritic grains
observed with EBSD. The outer diameter surface of the pipe trended towards having a low grain
orientation spread of ~ 1°, whereas the interior microstructure consistently showed a grain
orientation spread (GOS) value of ~ 2.5°. When comparing grain boundary misorientations for
any given field of view, a bi-modal distribution of boundary types was observed to contain a
high number fraction of low-angle grain boundaries (0° to 5°) and a broad distribution of high-
angle grain boundaries (greater than 15°). Histograms are provided as the density of

boundaries in a map of these fields of view would be difficult to discern. The cumulative
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percentages of low-angle grain boundaries (0° to 5°) in the ATT, RTT, and PV_OD views are

respectively 57%, 58%, and 42% whereas high-angle grain boundaries (15° to 180°) in the ATT,
RTT, and PV_OD views of the base metal were respectively 38%, 38%, and 54%. The grain size
diameter of the ferritic grains near the pipe surface was less than 2 microns whereas the grain

size of the interior of the pipe trended more towards 7 microns.

Outer diameter Inverse Pole Figure Grain size of a

Spiiel m3m Grain Reference 0.9 I 48 um

. Base metal Orientation Deviation

Ol T A Grain size of y
(diameter)

0.4 I 170 um

001 101

Figure 21 - a) An optical image of base metal from location EM3, depicted by an axial view through the thickness
(ATT) where a white rectangle indicates the location of a multi-tile large-area EBSD map from the outer
diameter to the interior of the pipe base metal. The b/c/d) child alpha-Fe phase, present at room temperature,
and e/f/g) parent gamma-Fe phases are shown side-by-side. Specifically, the b/e) inverse pole figure maps, c/f)
grain reference orientation deviation maps, and d/g) grain size diameter maps are provided to show specific
changes in microstructure from left (pipe outer diameter) to right (interior of the base metal).
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Figure 22 - Single-tile small-area EBSD maps were recorded from all three orthogonal views (ATT, RTT, and
PV_outer diameter) of the base metal at location EM3. The a) inverse pole figure maps, b) grain orientation
spread, and c) misorientation histograms provide quantitative differences between the microstructure at the
surface of the pipe (PV_outer diameter) and the interior microstructure.
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Figure 23 - Single-tile small-area EBSD maps were recorded from all three orthogonal views (ATT, RTT, and
PV_outer diameter) of the base metal at location EM3. The a) grain size diameter maps and b) grain size
diameter histograms provide quantitative differences between the microstructure at the surface of the pipe
(PV_outer diameter) and the interior microstructure.
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2.9. Tensile Testing

The results presented in Table 9 are based on the requirements of API 5L referenced in Table 7.
The data are organized based on the orientation and location of the tested specimens. In cases
where multiple specimens were tested, the average value is presented, and the number of
specimens tested are indicated by the number in parentheses next to the section identifier (see
also Table 5). Sections with multiple specimens are reported as the average with the standard
deviation, seam weld specimen for P2S1 is reported with the observed value of stress with an

estimated combined uncertainty of 1.06 %.
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Table 9 - Tensile testing results required by API 5L.

Pipe Body Results Seam
Weld
Section YSo,z% YSo,s % UTsS Y/T Af UTsS
ksi ksi ksi ul % ksi
(MPa) (MPa) (MPa) (MPa)
137.9+0.9
P1S1 (2) (951+6)
112.8+1.7 107.1+2.4 135.2+0.4 0.83+0.01 18.1+0.8
P151-90 (3) (778 £ 12) (738 £17) (932 £3)
114.0+0.6 104.2+1.0 135.7+0.4 0.84+0.00 19.1+0.9
P151-180 (3) (786 + 4) (718 £ 7) (936 £ 3)
140.3+0.3
P1S2 (3) (967 +2)
113.4+0.7 108.7 +0.7 139.1+0.1 0.82 +0.00 18.3 0.4
P152-90 (3) (782 £ 5) (749 + 5) (959 + 1)
119.4+6.7 116.2 +13.2 138.3+0.4 0.86 + 0.05 18.2+0.5
P152-180 (3) (823 + 46) (801 +91) (954  3)
138.6+ 1.5
P251(1) (956 + 10)
115.4+1.1 110.3+3.9 135.6+2.2 0.85+0.01 18.6+0.6
P251-90 (3) (796 + 8) (760 £ 27) (935 + 15)
1146+ 1.6 109.5+3.5 135.9+0.6 0.84 +0.01 18.6+0.3
P251-180 (3) (790 + 11) (755 + 24) (937 £ 4)
139.9+1.1
P2S2 (3) (965 £ 8)
112.4+2.4 98.0+3.4 136.3+0.3 0.82 +0.02 15.9+0.6
P252-90 (3) (775 £17) (676 £ 24) (940 + 2)
114.9+2.7 106.8 + 6.1 137.3+0.3 0.84 +0.02 16.7£0.7
P252-180 (3) (792 £ 19) (736 £ 42) (947 +2)
90.9+1.3
P35s1 (3) (627 £9)
59.8+0.4 61.2+0.8 86.1+0.7 0.69 +0.01 31.8+0.9
P351-90 (6) (412 +3) (422 + 6) (594 + 5)
59.7+0.1 61.5+0.2 86.6+0.1 0.69 + 0.00 32.7+0.0
P351-180 (3) (412 1) (424 + 1) (597 + 1)
93.3+0.8
P3S2 (3) (643 £6)
65.1+3.1 65.8+1.3 89.8+0.2 0.72 +0.03 30.0+1.0
P352-90 (3) (449 £ 21) (454 £ 9) (619 + 1)
65.6+1.7 67.1+1.4 89.2+1.4 0.74 +0.01 30.9+0.4
P352-180 (3) (452 £ 12) (463 £ 10) (615 £ 10)
134.7+1.0
P3S3 (5) (028+7)
108.7 + 4.7 99.8%+9.2 130.4+0.9 0.83 +0.03 19.6 +0.6
P353-90 (6) (749 £ 32) (688 + 63) (899  6)
106.2+2.6 97.7%+3.8 131.3+0.6 0.81+0.02 19.7+0.6
P353-180 (6) (732 £ 18) (674 £ 26) (905 + 4)

* P3S3 base metal tests failed to meet current API 5L requirements for X100
e Numbers in parenthesis after the section label indicate the number of specimens tested and
included in the average and standard deviations given.
e Y/Tis the ratio between the yield strength and the ultimate tensile strength.
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2.10. Instrumented Charpy Testing

2.10.1. Absorbed energy transition curves for base metals - Longitudinal Direction

The results obtained from third-size Charpy specimens for the obtainment of KV transition

curves are provided in Tables 9 to 15. The tables also include values of lateral expansion and

estimated shear fracture appearance.

Table 10 - Third-size Charpy test results on P1S1 (pipe 1, section 1) base metal orientation L.

Specimen
ID
C10-L2

B15-L3
C10-L4
A3-L3
C10-L3
B15-L4
B15-L2
A3-L2
A3-L1
B15-L1
C10-L1
A3-L4

=
(°C)
-196
-150
-135
-125

-100

100

KV

()
0.4

0.9
5.8
5.4
5.7
10.2
13.9
11.9
12.3
8.6
10.5
9.3

LE

(mm)

0.06
0.00
0.08
0.04
0.12
0.21
0.17
0.14
0.24
0.24
0.21
0.24

SFA
(%)
N/A3
N/A
28
N/A
N/A
N/A
N/A
N/A
100
100
100
100

B/FB/NB?

FB
FB
FB
FB
FB
FB
FB
FB
FB

2 B = specimen broken in two halves upon impact; FB = specimen unbroken upon impact but can be broken with bare fingers without using any

tool (finger broken); NB = not broken (i.e., cannot be broken with bare fingers).

3 N/A = not available (instrumented data not acquired or instrumented data analysis not reliable, particularly in the case of fully brittle tests).
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Table 11 - Third-size Charpy test results on P1S2 (pipe 1, section 2) base metal orientation L.

Specimen T KV LE SFA B/FB/NB
ID (°C) ) (mm) (%)
D1-L3 -196 5.6 0.07 N/A B
D1-14 -150 8.1 0.17 N/A FB
F1-L4 -100 7.0 0.14 23 FB
F1-L3 -75 8.7 0.15 48 B
D1-L2 -50 154 0.22 59 FB
F1-L2 -25 139 0.19 N/A FB
D1-L1 0 10.6 0.19 55 FB
F1-L1 21 12.8 0.19 N/a FB

Table 12 - Third-size Charpy test results on P2S1 (pipe 2, section 1) base metal orientation L.

Specimen T Kv LE SFA B/FB/NB

ID (°C) V) (mm) (%)

13-L3 -196 3.3 0.03 N/A

G3-L4 -153 3.0 0.05 N/A

13-L4 -100 6.7 0.10 12

G3-13 -75 6.3 0.14 30 FB

13-L2 -50 12.1 0.24 57 FB

G3-12 -25 11.9 0.26 67 FB

13-L1 0 17.1 0.23 85 FB

G3-L1 21 9.8 0.24 100 FB

Table 13 - Third-size Charpy test results on P2S2 (pipe 2, section 2) base metal orientation L.

Specimen T KV LE SFA B/FB/NB

ID (°C) ) (mm) (%)

K1-L1 -196 5.0 0.01 N/A

K1-L2 -140 3.3 0.03 N/A

K1-L3 -100 11.0 0.21 49 FB

K1-L4 -75 7.6 0.18 31 FB

J3-14 -50 10.2 0.15 47 FB

J3-13 -25 11.6 0.24 76 FB

J3-12 0 9.5 0.23 73 FB

J3-L1 21 10.5 0.22 100 FB
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Table 14 - Third-size Charpy test results on P3S1 (pipe 3, section 1) base metal orientation L.

Specimen
ID
M18-L1

M18-L3
08-L2
08-1L3

M18-L2

M18-L4
Pl6-L4
08-L4
P16-L3
P16-L2
Pl6-L1
08-L1

=
(°C)
-196
-146
-120
-102
-75
-60
-50

100

KV

()
0.1

4.1
0.1
0.1
4.3
10.5
11.4
15.7
17.4
19.1
20.7
19.6

LE
(mm)
0.01

0.03
0.04
0.06
0.04
0.29
0.30
0.28
0.47
0.48
0.54
0.56

SFA
(%)
N/A
N/A
N/A
N/A
N/A
22
35
25
85
84
100
100

B/FB/NB

™ W W W ™

NB

Table 15 - Third-size Charpy test results on P3S2 (pipe 3, section 2) base metal orientation L.

Specimen T KV LE SFA B/FB/NB

D (°c) 0) (mm) (%)

N10-L1 -196 0.1 0.06 N/A

P12-L1 -150 0.9 0.1 12

P12-L2 -125 0.1 0.02 N/A

M12-14 -90 9.5 0.18 31 FB

N10-L3 -75 N/A% 0.12 11 FB

M12-L3 -75 3.6 0.05 N/A B

M12-L2 -50 8.4 0.25 19 FB

P12-13 -40 8.8 0.23 27 FB

M12-L1 -25 15.7 0.34 21 NB

N10-L4 0 254 0.53 78 NB

N10-L2 21 23.6 0.47 100 NB

P12-14 100 19.4 0.54 100 NB

4 Absorbed energy value not acquired.
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Table 16 - Third-size Charpy test results on P3S3 (pipe 3, section 3) base metal orientation L.

Specimen T KV LE SFA B/FB/NB

ID (°C) ) (mm) (%)

Q3-L1 -196 1.4 0.00 N/A

R9-L1 -150 0.6 0.01 N/A

S22-14 -125 3.8 0.08 50

S$22-11 -100 5.4 0.14 24 FB

R9-L4 -85 4.8 0.18 N/A FB

Q3-L2 -75 9.8 0.14 100 FB

Q3-14 -65 4.2 0.21 100 FB

R9-L2 -50 13.0 0.27 100 FB

$22-L2 -25 133 0.20 100 FB

Q3-L3 0 11.0 0.23 N/A FB

R9-L3 21 145 0.24 100 FB

S$22-L3 97 13.7 0.29 100 FB

Absorbed energy transition curves obtained in the L orientation of the base metal for all pipes
and sections are compared in Figure 24, while Table 17 collects values of DBTT and USE
obtained for all conditions examined. The same values are compared in the bar charts
illustrated in Figure 25 and Figure 26, respectively.
Table 17 - Ductile-to-brittle transition temperatures and upper shelf energies for base metals in L orientation,
with estimated standard errors. For DBTT, standard error was estimated using the NIST statistical online tool

“Transition Curve Fitting Tool” [X]; for USE, standard error was calculated based on the standard deviation of the
absorbed energy values corresponding to the upper shelf of the curve.

Pipe Section DBTT USE
(°C) )
P1 S1 -122.9+15.7 11.0+0.7
S2 -75.0 £ 0.0012 13.2+1.0
P2 S1 -77.0+£31.0 12.7+1.6
S2 -124.6 £12.6 10.1+0.6
P3 S1 -57.7+2.8 19.8+0.5
S2 -42.7 £9.7 22.8+1.8
S3 -80.9+10.4 13.1+0.6
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Figure 24 - Absorbed energy transition curves obtained on the base metals of the different pipes and sections in
L orientation.
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Figure 25 - Comparison between DBTT values calculated for the base metals of the different pipes and sections
in L orientation. Note: the toughest conditions correspond to the tallest bars (P1S1 and P2S2).
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Figure 26 - Comparison between USE values calculated for the base metals of the different pipes and sections in
L orientation.

2.10.2. Charpy test results at 0 °C for base metals in T direction

Values of absorbed energy obtained at 0 °C from instrumented Charpy tests on third-size
specimens from base metals of the different pipes and sections in the transverse orientation
are provided in Table 18, which also reports average KV values, as well as values of lateral

expansion and estimated shear fracture appearance.

API| 5L section 9.8 and Table 8 prescribe the minimum absorbed energy requirements for pipe
body of PSL 2 pipes. For X100 pipes with outside diameter, D, between 762 mm and 914 mm,
such as the three pipes investigated (P1, P2, and P3), the minimum required average absorbed
energy, Wmin, is 54 J. However, according to section 9.8.1.1, if subsize specimens are used,
Wmin shall be multiplied by the ratio of the subsize specimen to the full-size specimen width,
W. For third-size specimens, therefore, KV,,;,, shall be divided by 3, so that:

KV pim = 54/3 = 18 ).
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Moreover, according to section 9.8.1.2, absorbed energy values from each individual test, KV,
must be at least equal to 75 % of KV ;. For third-size specimens, KV; 13 > 14 J (rounded to the
nearest joule from 13.5 J).

The above requirements only apply to specimens in T direction and from the 90° clock position

(results shown in bold in Table 18).

In Table 18, test results that do not fulfil the API 5L requirements are highlighted in red font

over pink background. If they satisfy API 5L, they are highlighted in green.
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Table 18 - Results of 0 °C third-size Charpy tests on base metals in T orientation. Values subject to API 5L
requirements are shown in bold. Acceptable values are highlighted in green, non-acceptable values in red.

. . Specimen KV KVmean LE SFAest
Pipe | Section | Angle id 0) ) (mm) (%) B/FB/NB
Al-T1 5.03 0.15 N/A FB
Al1-T2 6.17 0.16 N/A FB
° +
0 Al1-T3 9.87 784 - 263 0.15 N/A FB
Al-T4 10.29 0.18 N/A FB
B13-T1 | 6.95 017 | 85 FB
B13-T2 | 6.97 013 | 100 FB
s1 90° +
B3T3 | 1180 | 8:/8%2.32 | o1 | 100 FB
B13-T4 9.38 0.15 72 FB
C12-T1 7.25 0.14 63 FB
C12-T2 | 6.69 015 | 100 FB
. +
P1 180 C12-T3 9.09 899 - 282 0.15 71 FB
c12-14 | 12.94 017 | 100 F8
D3-T1 | 6.17 016 | 79 FB
D3-T2 | 5.75 018 | 83 FB
. +
0 p33 | oss | 8092249 g5 | o FB
$ D3-T4 10.58 0.15 62 FB
F3-T1 6.96 0.15 61 B
312 | 971 015 | 52 FB
180° +
P73 | 11s2 | /1321981 (0 | 6 FB
F3-T4 | 10.64 017 | 71 FB
G1-T1 | 6.40 012 | 67 B
G1-T2 7.11 0.15 65 FB
. +
0 613 | 1066 | 8891249 | 017 | & FB
s1 G1-T4 11.37 0.17 68 FB
11-T1 5.88 017 | 56 FB
11-T2 6.03 016 | 64 FB
180° +
13 | 1006 | 8132510 545 | 50 FB
P2 11-T4 | 10.44 017 | 62 FB
J1-T1 5.80 0.18 73 FB
0° -T2 821 | 7.74+1.75 | 018 | 68 FB
J1-T3 9.21 0.19 81 B
$2 K3-T1 | 7.68 018 | 79 FB
K3-12 | 7.54 019 | 63 FB
90° +
ket | 1023 | 923243 o1 | 62 FB
K3-14 | 12.66 017 | 74 FB
P18-T1 7.59 0.33 100 FB
P18T2 | 5.62 030 | 100 FB
o +
>t 0 P13 | 9as | 931218 | 55 | 100 FB
P18-T4 | 10.59 028 | 85 FB
M14-T1 | 8.81 030 | 73 FB
M14-T2 | 8.67 0.29 | 100 FB
$2 90° +
miaT3 | 1023 | 88 LA7 | o5 | es FB
M14-T4 11.81 0.25 73 FB
Q1l-T11 7.17 0.19 100 FB
Q1-T2 | 661 019 | 100 FB
. +
P 0 a3 | 1017 | 89625 | oo | s FB
Q1-T4 | 11.88 017 | 84 F8
R11-T1 | 8.53 019 | 73 FB
R11-T2 | 8.39 018 | 69 FB
o +
>3 20 Ri1s | 1038 | 10-3323.01 50 | & FB
R11-T4 14.81 0.20 85 FB
S24-T1 7.45 0.19 81 FB
$24T2 | 8.44 021 | 84 FB
180° +
saat3 | 833 | P17 22.23 ) 5 | g FB
s24-T4 | 12.44 022 | 69 FB
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2.10.3. Charpy test results at 0 °C on seam weld metals and heat affected zones

Values of absorbed energy obtained at 0 °C from instrumented Charpy tests on third-size
specimens extracted from seam weld metals and heat affected zones (HAZ) for the different
pipes and sections are collected in Table 19, which also reports average KV values, as well as

values of lateral expansion and estimated shear fracture appearance.

For pipe weld and HAZ tests, API 5L section 9.8.3 requires Wmm =40 J at 0 °Cfor pipesin
grades > X80 and full-size Charpy specimens. Using the normalization procedure already
described in 3.3.2, the minimum for third-size specimen becomes Wmin,1/3 =13 J (rounded to
the nearest joule from 13.3 J). Absorbed energy values from each individual test, KVi, must be
at least equal to 75 % of Wmin’1/3. For third-size specimens, KV 13> 10 J.

In Table 19, test results that do not fulfil the API 5L requirements are highlighted in red font

over pink background. If they satisfy API 5L, they are highlighted in green.
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Table 19 — Results of third-size Charpy tests at 0 °C on seam welds and HAZ. Acceptable values according to API
5L are highlighted in green, nonacceptable values in red.

Pipe | Section | Material Speti:(limen I((j‘)/ K‘(T)ea" (nl;fn) S:";;sz B/FB/NB
A2-W1 2.27 0.09 7 B
Weld A2-W2 580 | 4.77 +2.17 | o.10 14 B
51 A2-W3 6.23 0.11 7 B
A2-H1 6.23 0.17 70 FB
HAZ A2-H2 539 | 6.95+2.01 | 013 64 FB
b1 A2-H3 9.22 0.15 83 FB
D2-W1 6.07 0.15 6 B
Weld D2-W2 537 | 4.43 +2.26 | 0.03 18 B
D2-W3 1.86 0.12 6 B
52 D2-H1 6.24 0.17 40 FB
HAZ D2-H2 469 | 6,48+ 1.92 | 014 18 FB
D2-H3 8.51 0.13 47 FB
G2-W1 2.98 0.11 12 B
Weld G2-W2 49 | 515+2.27 | 011 17 B
G2-W3 7.50 0.15 15 B
31 G2-H1 10.08 0.15 80 FB
P2 HAZ G2-H2 893 | 823+228 | 014 76 FB
G2-H3 5.68 0.13 61 FB
12-w1 7.65 0.16 16 B
5 Weld 12-W2 3.69 5.6712.8 0.14 14 B
J2-H1 11.06 0.16 53 B
HAZ J2-H2 7.52 9.29£2.5 0.17 68 FB
Q2-W1 2.97 0.13 30 B
Weld Q2-W2 241 | 3.63+1.66 | 011 17 B
Q2-W3 5.52 0.11 17 B
Q2-H1 5.24 0.15 20 B
HAZ Q2-H2 8.66 7.7 £2.15 0.17 33 B
P3 S3 Q2-H3 9.21 0.17 53 B
Q14-W1 | 2.78 0.08 20 B
Weld Q14-W2 | 3.91 3.354£0.8 0.08 22 B
Q14-H1 5.67 0.16 73 B
HAZ Q14-H2 936 | 9.09 +3.29 | 0.20 70 B
Q14-H3 | 12.23 0.19 100 B

2.11. Charpy test results at 0 °C on girth weld metals and heat affected zones

Values of absorbed energy obtained at 0 °C from instrumented Charpy tests on third-size
specimens extracted from girth weld metals and heat affected zones (HAZ) for the different
pipes and sections are collected in Table 20, which also reports values of lateral expansion and
estimated shear fracture appearance.

There are no absorbed energy requirements in API 5L for girth welds in PSL 2 Pipes.
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Table 20 - Results of third-size Charpy tests at 0 °C on girth welds and HAZ.

Pipe | Angle | Material Spe:::)men I((J‘)/ (nl;:i‘) T;A) B/FB/NB

p1 90° Weld B2-W1 16.01| 0.34 | 65 B
HAZ B2-H1 11.50 | 0.31 | 100 FB

p? 90° Weld H2-W1 14.84 | 0.33 | 73 FB
HAZ H2-H1 17.97 | 0.30 | 100 FB

0° Weld M17-W1 | 16.29 | 0.50 | N/A FB

p3 HAZ M17-H1 | 23.19 | 0.57 | 100 NB
90° Weld N11-W1 | 11.84| 0.41 | N/A FB

HAZ N11-H1 |21.73 | 0.58 | 100 NB

2.12. Indentation Testing

Vickers hardness indentation traces of base metal specimens are presented in Figure 27 to
determine whether there is any inhomogeneity in the properties through the thickness of the
pipe. A partial through-thickness nano-indentation trace is shown in Figure 28 and a nano-
indentation trace along the inner surface of the pipe is shown in Figure 29. The nano-
indentation traces are intended to examine whether there is any variation in material

properties based on microstructural changes at the surface of the pipe.

Vickers indentation mapping was used to visualize the variation in mechanical properties over
girth welds, including base metal, weld metal, and heat affected zone. Maps of the two girth

welds between the 0.25” (6.35 mm) thick pipe sections are shown in Figure 30 and Figure 31.

Knoop hardness indentation traces were made across girth and seam welds to duplicate the
tests presented by R. S. Ryan. Five parallel traces were made across each weld, as shown in

Figure 32 (girth weld) and Figure 33 (seam weld).

All raw indentation data is provided in the project data repository (see Section 1.4).
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Figure 27 — Vickers indentation trace of various base metal specimens.
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Figure 28 - Nano-indentation hardness and elastic modulus originating from the inner surface of the pipe
(specimen XMX RTT).
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Figure 29 - Nano-indentation hardness and elastic modulus tracing the inner surface of a pipe section (specimen
XMX RTT).
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Figure 30 — Vickers indentation hardness map of girth weld (EM1 ATT)

170 240 3:|l0 38|O 450

Vickers Indentation Hardness (HV)

Figure 31 — Vickers indentation hardness map of girth weld (KM2 ATT)
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Figure 32 — Knoop hardness traces across girth weld (EM1 ATT)
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Figure 33 — Knoop hardness traces across seam weld (AM2 RTT)
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3. Discussion and Comparison

3.1. Chemical Analysis and Pipe Identification

To assist in determining the origin of the received pipe the chemical analysis data was
compared to those in the 37 NG-18 reports provided by PRCI. Several experimental steels were
detailed throughout the NG-18 reports, including information on chemistry, heat treatment,
wall thickness, and summary mechanical properties. Unfortunately, there were no steels that
matched the chemistry or summary mechanical properties of the vintage Columbia Gas X100
pipe. In some cases, full Charpy impact energy curves were provided in the NG-18 reports, but
comparison is not possible without verification that the received vintage Columbia Gas X100

pipe is the same material listed in the tests.

Further complicating the identification of the pipe is the variation in the chemistry of the seven
individual pipe sections. It is understood that sections P351 and P3S2 (0.45”/11.43 mm wall
thickness) is a specimen of X60 based on the Columbia Gas historical documents. However, the
variation in chemical data from optical emission spectroscopy seems to suggest that pipe

sections P1S1, P1S2, P2S1, P2S2, and P3S3 may in fact all be different experimental materials.

3.2. Microstructure Analysis

The microstructure of base metal, heat-affected zones (HAZ), and welds were analyzed with
optical microscopy, SEM backscatter imaging, and EBSD to determine general microstructural
morphology, grain size, grain morphology, relative misorientation, and crystallographic
alignment. The welds and HAZ contain a mix of martensite, ferrite, and bainite, as indicated by
optical and BSE imaging, which is consistent with previous work on X100 pipeline steel [27].
Given the fine size scale of bainite, which is a mixture of ferrite and cementite, and the
uncertainty in using EBSD to differentiate the body-centered cubic (BCC) ferrite phase from
tetragonal martensite phase, it is common practice to index the microstructure using only the
ferrite phase during EBSD measurements and use specific microstructural characteristics to
discern between the various features [45], [46]. The base metal of APl X100 steel is composed

of mostly polygonal ferrite and some acicular ferrite morphologies, but dynamic
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recrystallization can occur, depending on the rolling temperature employed during processing
[28]. While rolling textures are an effective way of steering properties for a given application,
sub-grain structures (dislocation arrays) and grain boundary character/density are economically

viable for generating higher strengths [30].

Since the girth welds resulted in greater Charpy strength and higher variability in Knoop
hardness and grain size (via optical and BSE imaging) as compared to seam welds, large-area
EBSD scans were employed from weld to HAZ to base metal. Previous work on X100 steel welds
showed the importance of minimizing coarsened martensite-austenite constituents in the heat
affected zone as these features led to an increase in microcracking and cleavage [34]. Further,
multiple HAZs have been reported in welded X100 pipeline samples, characterized by a
transition in grain size, intragranular misorientation, and grain boundary angle [47]. Grain-size
based nomenclature is most commonly employed to describe the differences, such as fine-
grained HAZ (FG-HAZ) and coarse-grained HAZ (CG-HAZ). In the current work, the trend of
multiple HAZs is also observed. The HAZ closest to the weld is characterized by an extremely
refined grain structure (approximately 3 um diameter globular ferrite), higher kernel
misorientation, and increased grain orientation deviation as compared to the weld. The
columnar parent austenite grains seen in the weld were longer than 1 mm in many cases and is
influenced by welding speed and interpass temperature [48]. The HAZ region closest to the
base metal also showed evidence of grain refinement compared to the base metal
(approximately 7 um grain diameter) but was not as drastic of a difference as depicted in the
HAZ closest to the weld. Such differences explain the trends in Knoop hardness where a nearly
30% increase in hardness at the weld-HAZ boundary whereas a drastic decrease in hardness is
observed near the base metal-HAZ boundary. It is also noteworthy to mention that tensile
specimens containing a girth weld tended to fracture at the HAZ. This is likely due to drastic
changes in intragranular misorientation. The average GROD value in degrees of orientation
deviation respectively changed from ~5° in the weld to ~4°in the HAZ near the weld to ~2° in

the HAZ near the base metal and back to approximately ~4° in the base metal.

With respect to the base metal, interesting features were observed near the surface of the pipe

(outer diameter) in a refined grain structure exists and is likely caused by processing routines
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and environmental effects over time. The refined portion tends to have more randomly
oriented grains, lower grain orientation deviation and a smaller grain size. When all three
orthogonal planes were analyzed, the trend remained. However, given the small volume
fraction this region encompasses in full-scale tensile specimens, structure-property correlations
were not observed. Rather, the typical bainite-ferrite microstructure observed with equiaxed
parent austenite grains indicates a nearly complete recrystallization of grain structure in the

EM3 pipe section.

3.3. Tensile Testing

At the time that this X100 pipe was produced, specifications for X100 line pipe did not exist.
However, ASTM A370 and ASTM E8 standards did exist and were referenced in the APl 5L
specification. This is important because some differences in the data between the tests
conducted at the time the pipe was produced and now, may be attributed to the differences in
test method, specimen preparation, measurement methods or in the analysis. APl 5L, ASTM
A370 and ASTM E8 all existed at the time the X100 was produced and tested. Without knowing
the exact time of production, each of the standards were all updated and published in 1966.

For reference to potential changes, the 1966 versions will be compared to current versions.

The current version of API 5L significantly differs from the 1966 version, reflecting
advancements in technology and industry standards. The 1966 version is limited in grade
specification, while the current version includes higher strength grades like X70, X80, X100, and
X120, addressing the need for stronger materials. The introduction of Product Specification
Levels (PSL1 and PSL2) in the current version brings stricter requirements for chemical
composition, mechanical properties, and testing. Modern testing methods, such as non-
destructive testing and Charpy V-Notch impact testing, ensure higher reliability. Additionally,
the current version specifies detailed manufacturing processes and enforces stricter controls

over chemical composition.

The ASTM A370 standard has seen substantial improvements since its 1966 version, mostly
reflecting advancements in measurement technology and test equipment and testing method.

The current standard incorporates modern testing equipment and methods, enhancing the
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accuracy of measurement requirement. It also provides more detailed testing procedures,
improved safety guidelines, and stricter reporting requirements. It integrates advancements in
data acquisition and analysis, addressing previous revisions and errata to enhance clarity and

usability.

The current version of ASTM E8 has significantly evolved from the 1966 version, incorporating
advanced test control methods (Stress Rate, Strain Rate, Crosshead Displacement), and
improved gripping technologies for better accuracy. It mandates high-accuracy extensometers

for precise strain measurement and provides detailed guidelines for specimen preparation.

There is very little information known about the testing performed on this X100 prior to being
placed into service. However, full thickness test specimens had the same specimen geometry
requirements as are relevant to the testing reported herein. Differences in test machines and
gripping methods are known to affect the test data but it would be difficult to determine an
uncertainty associated with those. Furthermore, flattening procedures have not been
standardized even for current testing, adding yet another uncertainty element that is difficult to
enumerate. Lastly, advances in measurement technologies, to include high-precision
extensometers, digital data acquisition systems, and computerized data analysis have the

largest potential for significant differences in test data.

Examining the tensile data in Table 9, most of the pipe sections met the current tensile
requirements for API 5L X100Q. There are notable sections that failed to meet the minimum

requirements.

The average value from section P252-90 included three test specimens that were all tested on
the same day with the same setup and instrumentation. All three specimens exhibited
anomalous strain data evidenced by very low modulus values. If low modulus values are the
result of a test or measurement error, it is reasonable to suggest that if the correct modulus
values (from suspect strain values) were calculated, then the yield strengths (0.5 %) would have
shifted and therefore would have met the minimum required yield strength. The 0.2 % offset
yield strength is less sensitive to errors or changes in modulus. Even with anomalous strain

values, one of the three specimens would have passed with a yield strength (0.5 %) of 101.9 ksi,

A free copy of this report can be obtained from: Page 68 |
https://doi.org/10.6028/NIST.IR.8535



https://doi.org/10.6028/NIST.IR.8535

NIST IR 8535

it was the other two specimens that brought the average below specification at 95.6 ksi and
96.4 ksi respectively. The anomaly is still being investigated and those data sets will not be
included in the data repository until the data can be further validated. All other tensile data
associated with those three specimens are consistent with tests from other sections.
Additionally, those specimens were from the 90 ° circumferential orientation, which is required
by API 5L, but specimens tested from P252-180 all passed the minimum specification. Itis
unlikely that the material at the 90 ° position was that significantly different from the 180 °
position, especially when all other 90 ° and 180 ° data are effectively equal within the standard

deviation from other pipe sections.

The two sections, P3S1 and P3S2, were made from an X60 grade steel, while they are included
in the data, they are not compared to X100 in anyway. These sections have a wall thickness of
0.45in (11.4 mm), to carry the design pressure of 1,000 psi (6.9 MPa). See Appendix A for

additional details about hydro-testing and some material information.

3.4. Instrumented Charpy Testing

3.4.1. Base metals, orientation L (transition curves)

API 5L does not contain provisions or requirements pertaining to the base metal (pipe body) of
PSL 2 pipes in longitudinal orientation. The comparison between absorbed energy transition
curves, illustrated in Figure 24, shows that P3S1 and P3S2 exhibited the highest upper shelf
energies (these are X60), while the lowest> DBTT values were yielded by P252 and P1S1. This is
confirmed by the bar charts in Figure 25 (USE) and Figure 26 (DBTT). It’s interesting to note the
lowest value of USE corresponds to the lowest value of DBTT (P2S2). It’s also noteworthy that
several investigated conditions (P1S2, P2S1, P2S2) displayed a relatively high lower shelf
energy, even at liquid nitrogen temperature (-196 °C). A fair amount of data scatter can be

observed for all the investigated conditions.

5 As a reminder, a decrease of DBTT corresponds to an increase in toughness.
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With respect to the Charpy data presented by R. S. Ryan in [1], as already mentioned, we ignore
if they were obtained in L or T orientation. The upper shelf energy in Figure 2 (left side) is
approximately 33 J, which is much higher than any USE value yielded by the pipes/sections
considered in this investigation (10. 1 J to 22.8 J, Table 18 and Figure 25). We cannot exclude,
however, that the results in [1] were obtained from larger subsize specimens, for example half-
size (B=5 mm, W =10 mm). In terms of DBTT, the values from [1], which correspond to -33 °C
for absorbed energy and -43 °C for shear fracture appearance, are higher than most of the

DBTT values recorded in this investigation (-124.6 °C to -42.7 °C, Table 18 and Figure 24).

3.4.2. Base metals, orientation T (0 °C)

All pipes and sections were characterized in different clock orientations by performing third-
size instrumented Charpy tests at 0 °C. For specimens extracted in the 90° clock position, API 5L
prescribes minimum values for the average absorbed energy, as well as for individual KV values.
These requirements, normalized by the ratio of subsize/full-size specimen widths, correspond
to Wlﬁ > 18 J and KV; 13 > 14 ) for X100 line pipe.

As shown in Table 18, none of the average values of absorbed energy for specimens extracted
in the 90° clock position satisfied the API 5L requirement. As for individual KV values, only one
out of 20 X100 specimens tested in the 90° clock position met the API 5L requirement
(specimen R11-T4 from P2S2, KV = 14.81 J).

3.4.3. Seam weld metals and HAZ (0 °C)

The weld metals and heat affected zones of the seam welds of the investigated pipes were
characterized by testing third-size Charpy specimens at 0 °C. For seam welds, APl 5L prescribes
W1/3 = 13 J and KV; 13 > 10 J (after normalization based on subsize specimen widths).

As can be seen in Table 19, only one of the 12 average absorbed energy values meet the API 5L
requirements. As for individual energy values, only 6 out of 33 tested specimens, all from HAZ,

absorbed more than the APl 5L minimum. None of the weld metal results were acceptable.
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3.4.4. Girth weld metals and HAZ (0 °C)

The weld metals and heat affected zones of the girth welds of the investigated pipes were
characterized by testing third-size Charpy specimens at 0 °C. There are no requirements for girth

welds of PSL 2 pipes in API 5L.

The comparison between Table 20 (girth welds) and Table 19 (seam welds) shows that, for the
three investigated pipes, girth welds are significantly tougher than seam welds. Specifically, the
average absorbed energies were 4.50 J (weld metals) and 7.88 J (HAZ) for seam welds, and 14.75 )

(weld metals) and 18.60 J (HAZ) for girth welds.

3.5. Indentation Testing

3.5.1. Base Metal

Micro-indentation traces across through-thickness sections of base metal indicate that there is
no significant inhomogeneous degradation of the pipe due to the long-term exposure to natural
gas and/or corrosive natural elements. The full through-thickness hardness for the 6.35 mm
thick X100 pipe in sections P1S1, P1S2, and P2S1, presented in Figure 27, illustrates a hardness
of approximately 300 HV with no significant variation through the thickness of the pipe. Note
that the steep decreases at the end of the indentation hardness traces are caused by

indentations in the phenolic resin mounting media at the end of the indent trace.

The through-thickness Vickers hardness of the thicker 11.43 mm pipe (assumed to be vintage
X60 pipe per Columba Gas documents) shows a much lower hardness of about 200 HV. There is

no historical data to compare to the thicker vintage X60 steel.

To supplement the through-thickness micro-indentation traces, nano-indentation hardness
(Figure 28) was performed to investigate any material property changes related to the
significantly smaller grain size at the inner surface of the vintage X100 steel. Nano-indentation
hardness can be performed with much higher spatial resolution than micro-indentation
hardness without causing interaction of the indentation deformation volumes. Instrumented

nano-indentation also allows for calculation of the localized elastic modulus.
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With the higher spatial resolution of nano-indentation there appears to be a reduction in nano-
indentation hardness at the inner surface (about 3.5 GPa) compared to the bulk base metal
(about 4 GPa). This reduction can be seen in the through-thickness nano-indentation trace
(Figure 27) and confirmed in the nano-indentation traverse along the inner pipe diameter

(Figure 28).

3.5.1.1. Seam Welds and Girth Welds

Knoop hardness indentation traverses were made across both girth and seam welds to

duplicate the data presented by R. S. Ryan (Figure 1).

Hardness traverses across a seam weld (Figure 33) illustrate almost no change in indentation
hardness through base metal, heat affected zone, and weld metal. This seems reasonable as
R.S. Ryan indicates that the seam welds were performed during pipe fabrication and the welded
pipe was heat treated following welding. Though there is not variation across the weld, the
base metal hardness is approximately 325 HK, which is consistent with the original data from
R.S. Ryan. Based on the base metal adjacent to the seam weld(s), there was no significant
degradation in hardness after long term exposure to natural gas and/or environmental

elements.

The flat hardness curve across the seam weld corresponds well with the homogenous
microstructure and grain size of the seam welds. The post-weld heat treatment likely

homogenized the weld microstructure and subsequently the mechanical properties.

Unlike the seam welds, the pipe girth welds were performed on site during pipe installation and
were not heat treated. Based on the seam weld traverse, the original R. S. Ryan data (Figure 1)

appears to be from a non-heat-treated girth weld.

Vickers indentations were used to map the hardness across the entire cross section of girth
welds. All tested girth welds (examples in Figure 30 and Figure 31) show an increase in hardness
in the heat affected zone, especially adjacent to the weld cap. This is in addition to a reduction

in hardness (relative to the base metal) directly between the heat affected zone and the base
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metal. This is partially consistent with the data from the original publication, though R.S. Ryan

reported that the heat affected zone was not harder than the weld metal.

Five Knoop indentation traverses were performed across girth welds to duplicate the
measurement presented by R.S. Ryan. All girth weld hardness traverses (representative data in
Figure 32) had some similarities with the R.S. Ryan, specifically the base metal and weld metal
had approximately the same hardness and there is a notable reduction in hardness when
traversing from base metal through the heat affected zone. In the modern measurements the
heat affected zone is significantly harder than the base metal or weld metal. The hardness
profile of Traverse 5 in Figure 32, which is near the center of the pipe thickness, is most like the

R.S. Ryan hardness traverse.

When comparing the weld microstructure and the hardness trace(s), the increased hardness in
the heat affected zone is correlated with the reduced grain size in the HAZ of the girth welds as

illustrated in the SEM backscattered imaging in Figure 33.

Like other data presented in this report, the weld hardness traces are difficult to directly
compare to the original R. S. Ryan data. Aside from the fact that the indentation load is not
reported by R.S. Ryan, it is clear from Figure 32 that the exact position of the hardness traverse

within the weld cross section has a significant impact on the hardness profile.

Lastly, an experimental atomic force microscopy (AFM) method called contact resonance was
attempted to determine highly localized variation in the material elastic properties. Contact
resonance AFM measures the mechanical properties by measuring the change in cantilever
resonance frequency as the AFM tip interacts with the specimen. Unfortunately, there was not

enough variation in local elastic properties to allow detection using CR-AFM.

4. Conclusions

Microstructural analysis and chemical analysis, including optical emission spectroscopy, optical
imaging, backscatter electron imaging, and electron backscatter diffraction was performed on
all provided pipe sections. The main conclusions of the microstructural analysis are the

following.
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1. Chemical composition was inconsistent between the seven distinct pipe sections. It is
possible that each pipe section is a different experimental material.

2. All base metal pipe sections displayed a bainite-ferrite microstructure.

3. Reduced grain size was observed at the inner and outer surfaces of pipe in cross
sectional microstructural imaging.

4. Annealed seam welds displayed little difference in microstructure between the base
metal, weld, and heat affected zone.

5. Unannealed girth welds illustrated a significant reduction in grain size within the heat
affected zone.

Circumferential tension tests on full thickness flattened strap tensile specimens were
performed on pipe body base metal and seam welds. The main remarks emerging from the
results obtained are the following.
1. Test methods used to evaluate the steel line pipe prior to installation in the 1960’s are
similar to current standards in their method, but advances of instrumentation and data

acquisition make direct comparisons challenging with uncertainties from the 1960’s
being the largest factor.

2. The lack of construction and test data prior to putting the pipes into service make it
impossible to determine if the pipes experienced any time-history effects on the tensile
properties.

3. The vintage X100 steel line pipe would satisfy the current APl 5L minimum tensile
requirements for X100Q_ steel line pipe, with minor notable caveats related to potential
testing errors associated with small sample sizes.

4. Circumferential tensile properties of this vintage X100 steel line pipe are in alignment
with the tensile properties and performance of modern X100 steel.

Instrumented Charpy tests on third-size specimens (B = 3.3 mm, W = 10 mm) were performed
on base metals in L and T orientations, as well as on weld metals and heat affected zones of
seam and girth welds. The main observations emerging from the results obtained are the
following.

1. Based on absorbed energy transition curves obtained for longitudinal specimens, the
least tough pipe sections are P1S1 and P2S2 (highest DBTT and lowest USE). The
toughest pipes/sections are P3S1 and P3S2 (lowest DBTT and highest USE), noting that
those are an X60 grade pipe.

2. Forthe base metals in T direction, tests were performed at 0 °C. Considering the API 5L
requirements on absorbed energy for specimens extracted in the 90° clock position,
none of the pipes satisfies the requirement based on the average absorbed energy,
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while only 1 out of 20 specimens tested exceeds the minimum KV required (14 J) by the
API specification.

3. For the seam weld metals and HAZ tested at 0 °C, the API 5L requirement on the mean
absorbed energy was only met by one HAZ sample. The requirement on the minimum
KV of an individual test was satisfied by just 6 specimens out of 33 tested, all from HAZ
material.

4. There are no requirements in API 5L for the girth weld metals and HAZ. The results
obtained at 0 °C consistently show higher impact toughness than seam welds.

Micro-indentation (Vickers and Knoop) and instrumented nano-indentation was performed on
base metal, seam welds, and girth welds to duplicate data in the original R.S. Ryan paper and
determine if any inhomogeneous degradation was present in the steels. The main conclusions
of the indentation analysis are the following.

1. Knoop hardness made on base metal specimens showed no significant variation in
hardness through the thickness of any pipe section.

2. Vickers hardness maps and Knoop hardness traces across girth welds showed an
increase in hardness across the heat affected zone. This finding differs from the original
results presented by R.S. Ryan, but it is evident that the location of the hardness trace
within the girth weld cross section will significantly impact the hardness profile.

3. Knoop hardness traces across seam welds showed no significant variation in hardness
between base metal, heat affected zone, and weld metal.

4. Nano-indentation illustrated a minor decrease in the indentation hardness near the
internal pipe surface, but no significant change in elastic modulus.
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REMARKS OR OTHER PERTINENT INFORMATION CONCERNING HISTORY
SPECIFICATIONS OF MATERIAL
MANUFACT NOMINAL O. D,
SPECIFICATIONS )_ ‘ . lf_RER % Ak Tj'”C’KNESS
(A.P.I,A.S.T.M., ETC.) AFPL Bi-% . 8. Stesl 36 IN'S + 250 IN.
MILL TEST 1 OR MANUFACTURER'S TEST SPECIFIED MINIMUM
PRESSURE  [inbeniown: PSIG ! YIELD STRENGTH  § 00,000 psi
TYPE
[ seamLess [ RESISTANCE WELDED [ FLasH weLDED
PIPE [5] DOUBLE SUBMERGED ARC WELDED [ SINGLE SUBMERGED ARC WELDED [_] LAP WELDED
[%] BUTT WELDED EXPANDED ] NONEXPANDED
OTHER DATA
TYPE
A NAME OF MANUFACTURER
FABRICATED (] FIELD FABRICATED (] mANUFACTURED
FITTING DESCRIPTION OR SPECIFICATION
OR
ASSEMBLY
MATERIAL
OTHER DATA
DESCRIPTION:
OPERATING
MECHANISM
OR NAME OF MANUFACTURER MATERIAL
EQUIPMENT
OTHER DATA

DATE OF REPORT

June 16, 1967 E$EPARE%?¢Z/// %/J_Zwaz




FORM U 216 CsSD

TO

FROM

SUBJECT

OFFICE MEMORANDUM

CHARLESTON, W. VA,

Mr. L. J. Payne DPATE  July 16, 1965
Donald C. White

Special 36" x 6'" Weldolet Fittings for Line WB-5

Attached is a copy of a drawing received from Bonney Forge, I[nc.
The drawing indicates the dimensions of the 36" x 6'" Weldolet fitting,
ordered under P. 0, #9198, to be used in construction of Line WB-=5,

The required weld contour has been sketched on the drawing.
A note has been added stating that mechanical stress relief is required

between each weld pass.

’ =)
Wl ¢ ——

Donald C. White
DCW:jrs

Attachment
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\},&_/’7 ’?:‘-‘E t Subject

Ciassified By

(Initials)

Retention Pericd

Date Received

Verified By TS
M., C. P. Brisley June 22, 1967
Reference
Mp, J. Prapnk Dickergon
Hydrostatic Test - 36" Line WB-5 Destruction Date

stlantic Ssaboard personnel have completed the hydrestatic
testing of 36" Line WB-S5 from Route 220 to the Moorefield Valve
Setting. This is the section of 36" laid by Card Smith in 1965
and includes the X-100 Experimental Pipe laid fn 1964,

fue to elevation differences it was necessary to divide
this portion of line into six test sections.

fittached copies of Pressure and Temperature Charts rellect
the 24-Hour Test conditions for ea¢h section., In addition, a
pressure sheet listing the deadweipght peadings and other pertinent
test information is included.

The ¥X-60, .438 Wall Pipe in Sections 1, 2, 4, 5, and 6 has
& speeified minimum yield of L460 Psi. ‘These sections were
subjected to a maximwn test pressure equal to LL0% of SMYS or
L6436 Psi. Seection #3, which contained the 1185° of Experimental
Pipa, was subjected to s maximum test pressure egual to 110% of
the SMYS for X-100, .250 Wall Pipe or 1529 Pgi. The minimum
test pressure for all seotions was 1.25 of the desisn pressure
of 1000 Psi or 1250 Psi.

The original test sheets will remain on file at Dranesville.

There were no fallures on the X-60, .438 wall pipe however
two seam Failures were encountered on the X-108, .2%0 Wall Experi-
mental Pipe. Facility Failure Reports will follow under sepavate
cover, Pipe Line and Mains Tast Data Sheets for the 51,936 feet of
X-60, 438 Wall and the 1185 of X-60, .250 Wall are forwarded
for your disposition.

a8 a pesult of thia test, 36" Line WB-5 [rom Route 220 to
the Moorveficld Valve Is qualified for opervation at L300 Psi.

J. Frank Dickewson
cer R, E. Lymm Staff Eangineer
Attachments:

Pressure Charts (6)

Temperature Charts (6)

Pressure Sheats (6)

Pipe Line & Mains Test Data Sheets (2)



Test Sectlon No, 6 -~ 36" Line W3=5
5,240 Ft, of 36", X-60, .438" Wali
Dead Welght Readlngs

Jdime Presgure ' Remarks
June 2, 1967
' 6125 PL.M, 1470
6135 1607 36" Bal | Valve at Moorefield
: Gate Sefting Leaklng
6145 1600
6155 1596
7305 1595
7115 1503
7325 1593
7:358 1592 Repressure
7:40 1607
7:50 1607
8:00 1605
8110 1605
8:20 1604
8130 1602
8:40 1601
8:50 1601
€300 1601
June 3, 1987
8:00 AN, 1588
8:30 1588
9100 1588
9:350 1588
10100 1588
10130 1588
11:00 1588
11130 1588
12:00 1579
12:10 1579
12:20 1579
12130 1579
12140 1579
12150 1579
1:00 PLA, 1579
1130 1579
2:00 1579 Repressure
2110 1609
2120 1609
2130 1609
2:40 1608
2150 1608
3100 1608
3110 1608
3130 1607
4100 1607
4130 1606
5100 1606
51390 1606
5100 16056

6330 1606 Test Off




Test Sectlon No. 4 -~ 36" Line V5
7,000 Ft, of 36" Plpe, X~60, .438" Voll
Dead Wel ght Readlings:

Time 4Pressure Remarks
June 4, 1967
G145 AM, 1070 Start Pressuring
10:00 1255 Test On
10:10 1251
10:20 1250
104130 1249
10:40 1248
10:50 1247
11100 1247
11:10 1246
11120 1246
11:30 1246
11:40 1246
11180 1246
12100 1245
12130 1245
1190 PJA, 1245
1130 1244
2100 1244
2330 1243
3140 1243
3130 1243
3155 1243
4130 1243
5¢00 1242
6:00 1242
7100 1242
8:00 1242
June B, 1967
8:00 ALK, 1240
@100 1240

10:00 1242 Test Off




Test Sectlon No. 1 = 36" Line Wi-5H
7,000' of 36" Pipe, X-60, .438" Wall

Dead-welght readings:

dlne Pregsure
WJune 6, 1967
4328 pm 505
6107 1606
6117 1600
6127 1597
6:37 1596
647 1595
6157 1594
7:07 1593
7330 1591
8:00 1590
June g7 1967
8:00 am 1582
Moved fo upper manifold -
9115 1317 -
10:00 1317
11:00 1317
12100 1317
1:00 AM. 1317
2:00 1317
3:00 1317
4:00 1317
5:00 1317

6:07 1317

Remarks

Start Pressuring

Test on

Small lesk In bull plug, repaired
{time 6317 to 6:23)

1317 = 1882# because of dlfference
In elevation

Test Off




Test Section Mo, 2 « 36" Line wi-5
7,000' of 36" Plpe, X=60, 438" Wall
Dead-welght readings:

Time Pressure _Remarks
June 7, 1967
0126 AR, 1537 Start Pressuring :
9:40 1532 OQut of Water - AdJusted recordling
, gage with dead welght
10:12 1520 Start Pressuring
10:20 1605 Test On
10130 1601
10:40 1600
10:50 1599
11100 1599
11110 1599
11:20 1599
11130 1599
12:00 1597
1:00 PJA, 1597 Stight leak In 2" Valve
2100 1595
3:00 1594
4100 1593
5300 1593
6100 : 1593
June 8, 1967
8100 AN, 1593
9100 1593
10:00 1593

10320 1593 Test Off



Test Sectlon No, 3 =

Déadwwe!ghf readings:

Tlme
June 13, 1967

June 14,

8122
10:08
10:23
11:33
11:43
11:53
123103
12:13
12:23%
12:13%

1:00

1:30

2:00

2:30

3:00

3:30

4300

4:00

4120

4430

5:00

5130

6:00

6305

6:08

G118

6328

6138

6548

G158

7:08

1967

8100

9:00

10:00
171:00
11133

AN,

 abha

fo 4:20

A,

36" L'ne ‘l"fB“"B

1,185 §t. of 36" Plpe, X=100, .250" Wall
10,015 ft. of 36" Pipe, X~60, .438" Vall

Pressure

47%

953

953
1486
1481
1478
1478
1476
1475
1475
1475
1473
1472
1471
147%
1470
1470

1469
1469
1469
1469
1469
1469
1486
1484
1484
1484
1484
1484
1484

1478
1478
1478
1478
1478

Hemarks

Starting Pressure
5top Pressurling
Started Pressuring
Test on

Slight Leak In Dead Welght

Viorking on Dead Woight

Start Repressure
End Repressure

Teat Off




Hydrostatic ftest of 71,185 ft. of 36" pipe, X-~100, 250" wall and
10,005 ft, of 36" plpe, X-60, ,438" wall, (Llne Wd«~5) Test pressure
af dead-welght location 1486. Date of Test - June 13, 1967.

Dead-wbi ght Pump Stroke Ho., of Pump
_Pressure Countar Sirokes .

1100 5704

1110 6056 352
1120 6378 322
1130 6710 332
1140 7041 351
1150 7384 343
1160 7707 323
1170 8031 324
1180 8345 314
1190 8655 310
1200 8083 328
1210 9289 306
1220 9601 312
1230 9907 306
1240 10210 303
1250 10507 297
1260 10820 313
1270 171107 287
1280 11402 285
1280 - 11691 289
1300 11990 299
1310 12277 287
1320 12570 293
1330 12849 279
1340 13143 294
1350 13478 335
1360 13720 242
1370 13998 278
1380 14258 260
1390 14556 298
1400 14839 283
1410 15116 277
1420 15381 2658
1430 15661 280
1440 15949 288
1450 16201 252
1460 16507 306
1470 16771 264
1480 17044 275

1486 17135 N



FORM €S 6-70-P GSD

COLUMBIA G

AS SYSTEM TE ST ESEwTies s

PIPELINES AND MAINS TEST DATA

=

BY:

COMPANY DATE
Aflanﬂa Seabaard Corporsfion’ : June 16, 1967
STATE DIVISION . DISTRICT . ; ]
W. Vas ElkIns i Petersburg
LINE NUMBER : ACCOUNT OR WORK ORDER NUMBER
26" Ling Vi« ASC Budgaf 3808 W, 0, 350=21
PIPE DATA . : '
FIPE SIZE, NOM. O. D. LENGTH, FT. MILES
1 36" 1,185 0,224
" | WALL THICKNESS - INS.. GRADE MINIMUM SPECIFIED YIELD STRENGTH
2 + 250 X-'IOO 100,000 PS&
MANUFACTURER PURCHASE ORDER NO. DATE
3 U, §. Staei C=21233 June 28, 1964
TYPE OF LONGITUDINAL SEAM, IF ANY
4 Double Submerged Arc Welded
COLD EXPANDED = ° MILL INSPECTED BY
5 Yes ,
DESIGN DATA
CONSTRUCTION TYPE nFn
6 W72
LONGITUD!INAL JOINT FACTOR "E*
7 ’ 1 QOO
TEMPERATURE DERATING FACTOR "T"
8 L 1.00 .
DESIGN PRESSURE . (See Approved Procedure Mo, 95, System Standard Pelicy for Piping Design Pressure)
9 1000 PSIG .
N DATE OF PROGF TEST
PROOF TEST DATA June: 13 & 14, 1967
LOCATION CLASS 5 | TEST MEDIUM
10 1 Water
TEST PRESSURE - - DURATION OF TEST _
i 1520 PSIG 24 HOURS
WITNESSED CONTRACTOR CWY 44/ .
BY: M/ f’br?j %ﬁ»—ﬂ
west wcctoreo o6 N5 gy Aol MM/
[J/ DATE OF LEAKAGE TEST
LEAKAGE TEST BATA (See Form No, G - 10412)
TEST MEDIUM TEST PRESSURE
12 } PSIG
. LENGTH OF TEST . PRESSURE LOSS
13 PSI1G
CALCULATED LEAKAGE, CUBIC FEET LOSS PER
14| MILE OF EQUIVALENT 3" AT 100 PSIG CU. FT,
wiTnEssED | CONTRACTOR COMPANY

TEST ACCEPTED BY:

NOTE:
complete separate sheet for each type.

If the line falls into more than ane Construction Type {excepting road, railroad crossings, fabricated assemblies, spans, .)




o T Srerions |2 4 £ &
EOMECSO Zoseon COLUMBIA GAS SYSTEM R 75 f

>

PIPELINES AND MAINS TEST DATA

COMPANY DATE
Atlantlc Sesboard Corporation June 16, 1967
STATE DIVISION DISTRICT
W. Va. Elkins Petersburg
LINE NUMBER ‘ ACCOUNT OR WORK ORDER NUMBER
26" Line WB<5 ASC Bud, 3505 W.0. 35921
PIPE DATA ;
PIPE SIZE, NOM. O. D. . LENGTH, FT. MILES ;
T 36“ 51 ,935 9.6#
WALL THICKNESS - INS. GRADE MINIMUM SPECIFIED YIELD STRENGTH
F MANUFACTURER . PURCHASE ORDER NO. DATE
3 U. S. Steel 593 Jen, 26, 1965
TYPE OF LONGITUDINAL SEAM, IF ANY
4 Double Submerged Arc Welded
COLD EXPANDED MILL INSPECTED BY
5 Yes Plttsburgh Testing Leboratory
DESIGN DATA
CONSTRUCTION TYPE nEn
6 .?2
LONGITUDINAL JOINT FACTOR "E"
7 1.%
TEMPERATURE DERATING FACTOR "T"
8 1;@
DEsla elde (See Approved Procedure No. 95, System Standard Policy for Piping Design Pressure)
9 1,000 PSIG ‘
DATE OF PROOF TEST ‘}ﬂﬁ?
PROOF TEST DATA June 3'3‘4*§,§,7 & 8,
LOCATION CLASS TEST MEDIUM = \l‘:w\/ Lo
10 1 Water Do
TEST PRESSURE DURATION OF TEST \‘f! : J ‘h'
b ‘\:1 Wy \i
11 . 1606 PSIG 0 HOURS
CONTRACTOR COMP

WITNESSED
BY: V%/ iz //// Ly
TEST ACCEPTED Bg%@@,,

5/ DATE OF LEAKAGE TEST
LEAKAGE TEST BATA (See Form No. G - 10412)

TEST MEDIUM TEST PRESSURE

12 i PSIG
LENGTH OF TEST PRESSURE LOSS

13 R SIG
CALCULATED LEAKAGE, CUBIC FEET LOSS PER

14 | MILE OF EQUIVALENT 3" AT 100 PSIG CU. FT.
WITNESSED CONTRACTOR COMPANY

BY:

TEST ACCEPTED BY:

1
NOTE: If the line falls into more trllan one Construction Type (excepting road, railroad crossings, fabricated assemblies, spans, .)
complete separate sheet for each type.
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FORM CS1-446-€SD &

? " COLUMBIA GAS SYSTEM

f TRANSMITTAL SLIP

oy

[jlmnwdmﬁ_? Date
action desired 12-17-64

TO
Mr. Forrest Robinson

FROM
Jack G. Brown

With reference to the attached:

[] Take charge

[1 Approval required [] Return to me

[] Signature required [] Return to me

[] Prepare reply for my signature

[C] Reply. Send me copy

[] Advise status

[J Review and contact me this A.M. P.M.

[] Comments desired

[] Recommendations desired
] Note and return

[] Note and file

[ ] For your information

Remarks:
This has been approved for payment.
These are your information copies.




AMERICAN MACHINE & FOUNDRY GOMPANY
ADVANCED -PRODUCTS GROUP, Greenwich, Conn.

REMIT TO: 261 Madison Avenue, New York 16, N.Y.

CUSTOMER'S ORDER NO. & DATE

P, O, 35252

CUSTOMER
CODE

REQUISITION OR
CONTRACT NO.

RETFER TO
JOB ORDER NO.

INVOICE NO.

1437

TERMS

Net 30 Days

INVOICE DATE
Dec 7, 1964

TO

Atlantic Seaboard Corporation
1700 Mac Corkle Ave,, S. E,
Charleston 25, West Virginia

SHIPPED TO AND DESTINATION

BALANCE OF ORDER

WILL FOLLOW,

THIS SHIPMENT
COMPLETES YOUR ORDER

HOW SHIPPED AND ROUTE

DATE SHIPPED

F.O.B.

JOB ORDER

QUANTITY

NO.

ORDERED

SHIPPED

PART NUMBER - DESCRIPTION
(INDEX) RATED (CLASS DIV. )

UNIT
LIST PRICE

AMOUNT

TOTAL

Use of AMF Welder on
Columbia Gas System Pipe-
line for period of 23 October
1964 thru 10 December 1964,

(Reference your P, O, #35252)

Charge: Installing

Acct. No. 186-1-879,.

Research Pipe-Line WB-3

$12,970.70

"We hereby certify that these goods were produced in compliance with all applicable requirements of sections 6, 7, and 12 of the Fair Labor
Standards Act, as amended, and of regulations and orders of the Administration issued under section 14 thereof. We also warrant that the
articles ordered were produced in compliance with any and all applicable provisions of the Walsh-Healy Public Contracts Act, the Eight Hour
Law and the Davis-Bacon Act." "It is the Seller's policy to conform with all applicable ceiling price regulations,"
TERMS: NET CASH 30 DAYS, UNLESS OTHERWISE SPECIFIED ABOVE - NO CASH DISCOUNT - PAYABLE IN U.S.A. DOLLARS

ALL GOODS F. O.B. OUR FACTORIES. MAKE NO DEDUCTIONS FROM THIS INVOICE: IF INCORRECT RETURN AT ONCE.
| 1 COLLECTION

FOED - 198

ORIGINAL

COPIES (CUST.)

ADDITIONAL COPIES

1 PINK

1 POSTING

1 SHIPPING




AMERICAN MACHINE & FOUNDRY CONMPANY
ADVANCED PRODUCTS GROUP, Greenwich, Conn.

REMIT TO: 261 Madison Avenue, New York 16, N.Y.

CUSTOMER'S ORDER NO. & DATE REQUISITION OR CUSTOMER REFER TO
CONTRACT NO. CODE JOB ORDER NO.
P. O. 35252
INVOICE NO. TERMS INVOICE DATE
. 1437 Net 30 Days Dec 7, 1964

' Atlantic Seaboard Corporation
TO 1700 Mac Corkle Ave,, S. E.
Charleston 25, West Virginia

SHIPPED TO AND DESTINATION BALANCE OF ORDER
WILL FOLLOW.,

THIS SHIPMENT
COMPLETES YOUR ORDER

HOW SHIPPED AND ROUTE DATE SHIPPED |F, O, B,
UANTITY PART NUMBER - DESCRIPTION
JOB ORDER Q x, DNIT AMOUNT TOTAL
NO. ORDERED| SHIPPED | (INDEX) RATED (CLASS DIV.) | LIST PRICE

Use of AMF Welder on
Columbia Gas System Pipe-
line for period of 23 October
1964 thru 10 December 1964,

(Reference your P, O. #35252) $12, 970. 70

Charge: Installing
Research Pipe~Line WB-5
Accﬁ. BO. 186"" 1"‘8?9'

""We hereby certify that these goods were produced in compliance with all applicable requirements of sections 6, 7, and 12 of the Fair Labor
Standards Act, as amended, and of regulations and orders of the Administration issued under section 14 thereof. We also warrant that the
articles ordered were produced in compliance with any and all applicable provisions of the Walsh-Healy Public Contracts Act, the Eight Hour
Law and the Davis-Bacon Act." "It is the Seller's policy to conform with all applicable ceiling price regulations."
TERMS: NET CASH 30 DAYS, UNLESS OTHERWISE SPECIFIED ABOVE - NO CASH DISCOUNT - PAYABLE IN U.5.A. DOLLARS
ALL GOODS F. O.B. OUR FACTORIES. MAKE NO DEDUCTIONS FROM THIS INVOICE: IF INCORRECT RETURN AT ONCE,

FO ; ORIGINAL COPIES (CUST.) ADDITIONAL COPIES 1 PINK .1 POSTING 1 COLLECTION 1 SHIPPING
"OED - 198
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; MONARCH MILLS, INC.

= BOX 126 PETERSBURG, WEST VIRGINIA 26747
ClrcLE 3-4511 CIrcLE 3-5561

ROSWELL H. ALT.

BUILDING MATERIALS FARM & GARDEN SUPPLIES BUILDING CONTRACTING
WHOLESALE and RETAIL

SALESMAN CUSTOMER ORDER NO. WHEN TO SHIP PICK UP DATE /%/

NOTE-THIS IS A JOINT Accourg;l TERMS: 30 DAYS NET

A (jf #&fwﬂ’é}f’#fwﬁcx —e "..ﬂgg,,{i: w

s S Jos
o 3
o P
o
=
o o
2 ===
CASH CONTRACT CHARGE ON ACCT. MDSE. RETD. INTEREST CHARGED ON PAST DUE ACCOUNTS
i QUANTITY QUANTITY
| ORDERED DESCRIPTION PRICE AMOUNT

SHIPPED

H Ll F3G~/2~/2A Wi v &
Tl foifE o Gy | /o

W Wi ﬁ'“..ﬁgﬁ"’ )@dﬁﬁ f ? ar

’.\,ﬁ o & = m’u'ﬁ“‘i; /P :‘*
v | 2d LGH b 3 /8

b | ST ' Adrstal & W

fjifﬁ WE - -1

el b /0E-0--5]

TAX

TOTAL

B | No. 25191

CONSOLIDATED BUSINESS FORMS, INC. HAGERSTOWN, MD. 0-329732-s




MONARCH MILLS, INC.

R. H. ALT

BOX 126

PETERSBURG, WEST VIRGINIA 26747

CIRCLE 3-4511

BUILDING MATERIALS

FARM & GARDEN SUPPLIES

ROSWELL H. ALT.

CIRrRcLE 3-5561
BUILDING CONTRACTING

WHOLESALE and RETAIL

SALESMAN

CUSTOMER ORDER NO.

WHEN TO SHIP

PICK UP DATE

N t-by

NOTE-THIS IS A JOINT ACCOUNT

TERMS: 30 DAYS NET

7
Mr. & Mrs. f'ﬁ
s
o JoB
3 i
D P
=
T
o o
CASH CONTRACT CHARGE ON ACCT. MDSE. RETD, INTEREST CHARGED ON PAST DUE ACCOUNTS
QUANTITY QUANTITY
| ORDERED DESCRIPTION SHIPPED PRICE AMOUNT

/077 /a9 5
=

! .
/ﬁ’

’Z”W/‘)” Al

U 7 U

EE Z" 0 28 U g%
- &Wfﬂﬁ?

TAX

TOTAL

No. 25199

CONSOLIDATED BUSINESS FORMS, INC.: HAGERSTOWN, MD.

RECEIVED BY

0-3298732-5



O MONARCH MILLS, INC.

S n BOX 126 PETERSBURG, WEST VIRGINIA 26747

CIRCLE 3-4511 CIRcLE 3-5561

BUILDING MATERIALS FARM & GARDEN SUPPLIES BUILDING CONTRACTING
WHOLESALE and RETAIL

// G.,.. (-(3‘7,1’-
TERMS: 30 DAYS NET

ROSWELL H. ALT.

SALESMAN CUSTOMER ORDER NO, WHEN TO SHIP

NOTE-THIS IS A JOINT ACCOUNT

sl b

S S JoB
> o
(E
5] P
=
=
o o
=B
EASE CRNERNC CHARGE | ON ACCT MDSE. RETD. |INTEREST CHARGED ON PAST DUE ACCOUNTS
QUANTITY QUANTITY
ORDERED DESCRIPTION SHIPPED PRICE AMOUNT
o ‘\}
)(-n"
o
d"r’” P

[3Y L

:.:”’ TAX

TOTAL

RECEIVED BY ! NO, 25221

CONSOLIDATED BUSINESS FORMS, INC. HAGERSTOWN, MD. 0-320732-5
it :

e e i




R. H. ALT

MONARCH MILLS, INC.

BOX 126

PETERSBURG, WEST VIRGINIA 26747

CIRCLE 3-4511

BUILDING MATERIALS

ClRrcLE 3-5561

FARM & GARDEN SUPPLIES
WHOLESALE and RETAIL

ROSWELL H. ALT.

BUILDING CONTRACTING

SALESMAN CUSTOMER ORDER NO. WHEN TO SHIP PICK UP DATE
Ll it ) ¢4 |
= -
NOTE-THIS IS A JOINT ACCOUNT TERMS: 30 DAYS NET
e
7
Mr. & Mrs. ¢ MH& 5’&_— :
56 ? JoB i
5 L
z )
CASH CONTRACT CHARGE _Jf ON ACCT. MDSE. RE TD. INTEREST CHARGED ON PAST DUE ACCOUNTS
Ty DESCRIPTION ST PRICE AMOUNT
— ! : = '
b iy ddk X Bhiwwd /
i
: i
L f/r J =
k3
ey 25 It ?
A A T i
e Tl
L Vg L0
a BN 20N
7k b TS
Gyl () :
\;J\ .\"r ¢ ¥
‘!j |
TAX
TOTAL s
S L vl
7 7 g &
RECEIVED BY A b vy Al Crhsl NO. 2 5 l 2 D

CONSOLIDATED BUSINESS FORMS, INC. HAGERSTOWN, MD. 0-329732-S
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MONARCH MILLS, INC.

BOX 126
CIrRcLE 3-4511

PETERSBURG, WEST VIRGINIA 26747
CIRcLE 3-5561

FARM & GARDEN SUPPLIES
WHOLESALE and RETAIL

R. H. ALT

ROSWELL H. ALT.

BUILDING MATERIALS BUILDING CONTRACTING

SALESMAN CUSTOMER ORDER NO. WHEN TO SHIP PICK UP DATE
P 2
NOTE-THIS IS A JOINT ACCOUNT TERME: 30 DAYS NET
[llariT Lowdoned
Mr. & Mrs. /AALE S e
s i JS_E JoB
2 ]
D P
-
oL o
CASH CONTEACT CHARGE ONTACICT. MDSE. RETD. INTEREST CHARGED ON PAST DUE ACCOUNTS
%URT,"'E?;J DESCRIPTION QsUHﬁ':-LIETDY PRICE AMOUNT
T A = ik
At T st /ﬁ’f s
7 : |
A
72 N
v NN 7]
2N /\, ‘4 S
/ B0
T
ST ] T
gy
,‘,5’/ /}m “‘\“
r;’/‘J/ 7 ‘ / ,
- = ‘ Iz/)f\ ]
= -
=) (& /’
S \ ";«;’(_3'_?_.‘ /I/E// J
s P = : i
— 7 - N
o ~ N
iy & el TAX o
e i Py
% TOTAL G
L= —— -

RECEIVED BY

y=

ch
No. 25266

L e oL e e i e T e e

CONSOLIDATED BUSINESS FORMS, INC., HAGERSTOWN, MD. 0-3298732-5!
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MONARCH MILLS, INC.

ANk BOX 126 PETERSBURG, WEST VIRGINIA 26747
CIRCLE 3-4511 CIRcLE 3-5561

ROSWELL H. ALT.

BUILDING MATERIALS FARM & GARDEN SUPPLIES BUILDING CONTRACTING
WHOLESALE and RETAIL

Pick U DATsfl/lé,qgf/g‘;ﬁ

TERMS: 30 DAYS NET

SALESMAN CUSTOMER ORDER NO. WHEN TO SHIP

NOTE-THIS IS A JOINT ACCOUNT

5 o i & = o
mﬂf"’{ﬁ- ﬁi‘.«p 51:: é‘ggﬁaw{f';{&: AT o, ‘f‘:"‘f

Mr. & Mrs.
s S JOB
> o
L } i
D 7 - 7 -
= ; e ol b 2
7 o |
4 i
CASH CONTRACT CHARGE | ON ACCT. MDSE. RETD. |INTEREST CHARGED ON PAST DUE ACCOUNTS
Lf/ -
5 s
il g DESCRIPTION SR PRICE AMOUNT
T I ; e
Ferzs parile Pt it Y,
/ jﬂ At e e o2 A
74
TAX
TOTAL

et No. 25406

CONSOLIDATED BUSINESS FORMS, INC. HAGERSTOWN, MD. 0-329732-S
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MONARCH MILLS, INC.

BOX 126
CIRcLE 3-4511

R. H. ALT

BUILDING MATERIALS

FARM & GARDEN SUPPLIES

PETERSBURG, WEST VIRGINIA 26747

ROSWELL H. ALT.

CIRCLE 3-5561

BUILDING CONTRACTING

WHOLESALE and RETAIL

SALESMAN

CUSTOMER ORDER NO. WHEN TO SHIP

PICK UP

DATE

22X

NOTE-THIS IS A JOINT

#

i
Mr. & Mrs. 7 1 AN
2 N

| Jr237u
| TERMS: 30 DAYS NET

o 4
25

o .M,Fceﬁ"’ .!;
=4 JOB
[o]
L
D
i
o
i
CASH CONTRACT CH?{WON A MDSE, RETD. INTEREST CHARGED ON PAST DUE ACCOUNTS
QUANTITY QUANTITY
ORDERED DESCRIPTION SHIPPED PRICE AMOUNT
7 i 7

- &R o B

# Y f’ﬂf “g‘r,

y = 7 : _
/ f Pl o f’ i
! t .

@ £ y 2 ¢

: 7
5 /4
ry '!
R, i
. TAX
¢ TOTAL
/
i  SUETTIRN
RECEIVED BY s i

No. 26171

eSS N S SN U ST = S P e S P SO R VO S R S

CONSOLIDATED BUSINESS FORMS, INC. HAGERSTOWN, MD.

0-329732-5,




MONARCH MILLS, INC.

ESTe IS BOX 126 PETERSBURG, WEST VIRGINIA 26747

CIRCLE 3-4511 CIRCLE 3-5561

BUILDING MATERIALS FARM & GARDEN SUPPLIES BUILDING CONTRACTING
WHOLESALE and RETAIL

PICK UP DATE

ROSWELL H. ALT.

SALESMAN CUSTOMER ORDER NO. WHEN TO SHIP

/1= D=6y
TERMS: 30 DAYS NET

NOTE-THIS IS A JOINT ACCOUNT

L S
Mr. & Mrs. K A Mﬁr}“@ﬂ_gﬂm

s
s JoB
: :
D P
-
>
o o
Sl REVERAEY CHAR% (i MDSE. RETD. ||INTEREST CHARGED ON PAST DUE ACCOUNTS
QUANTITY QUANTITY
ORDERED DESCRIPTION SHIPRED PRICE AMOUNT

(ol F

?;
;

~—
=
D
N

L 4 / 7?

TAX

TOTAL

| \ 54999
RECEIVED BY NO. I...4~J9.-;,

CONSOLIDATED BUSINESS FORMS, INC. HAGERSTOWN, MD. 0-329732-5
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MONARCH MILLS, INC.

BOX 126 PETERSBURG S
L ETER RG, WEST VIRGINIA 26747 e LN

ClrcLE 3-4511 CIRcLE 3-5561

BUILDING MATERIALS FARM & GARDEN SUPPLIES BUILDING CONTRACTING
WHOLESALE and RETAIL

SALESMAN CUSTOMER ORDER NO. WHEN TO SHIP PICK UP DATE

| V7™ & ~ (o

NOTE-THIS IS A@%OUNT : TERMS: 30 DAYS NET
Mr. & Mrs. a‘ 5 x&&é’\‘@“@*ﬁg@q

] 5 JopB
2 I
L
D P
T
i |
o o |
CASH CONTRACT CHAR%’V ON ACCT. MDSE. RETD. INTEREST CHARGED ON PAST DUE ACCOUNTS
QUANTITY QUANTITY
ORDERED DESCRIPTION SHIPPED PRICE AMOUNT

AN

WA P Y L}ﬁ%?}w Ga og S, g0 ?

0 oA
Jrt b

TAX

TOTAL

No. 24948 |

RECEIVED BY !
CONSOLIDATED BUSINESS FORMS, INC. HAGERSTOWN, MD. 0-328732-S'
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* REV. €80

E December 30,

MATERIAL TRANSFER MEMO.

19.60

NUMBER

FROM

TO

COMPANY

Atlantic Seaboard Corporation

Transmission

DEPT. _

STOCK AT

TRUCK NO

LINE NO. WELL MNO.
FARM

STREET TOWN
TWPR COUNTY
STATION

KIND OF WORK

TR Acct #186-0—2"53 o. NO

MDSE. REC'D FROM

ited F Gas C

oeer_be Albans Operation Center

COMPANY. U

STOCK AT TRUCK NO.

LINE NO. WELL NO.
FARM

STREET TOWN
TWP. COUNTY
STATION

KIND OF WORK

ACCT. NO W. O. NC.

MDSE DELIVERED TO

SIZE

ITEM

QUANTITY | USED RET. STOCK SYMBOIL NO.

Junk, Iron & Steel, scrap for

Z-100 Experimental Reaserch Line

337°
RQ75

Internah Line-Up Clamps, 36"

U\

AN

ORDER

2 e =
RECEIVED BY - e =) 3
2l

FILLED

RETURNED BY

RECEIVED




FORM ©S1-a46 €SD

COLUMBIA GAS SYSTEM

TRANSMITTAL SLIP

O

Immediate Date

action desired g-9-44

TO

1y ‘ﬁgu_ﬂ\u\)

Ko
ROM .\

Qoo R, B vpnnd

With re?@ance to the attached:

[] Take charge

[] Approval required ] Return to me
[] Signature required [] Return to me
[] Prepare reply for my signature

[] Reply. Send me copy

[] Advise status

[C] Review and contact me this AM.

[1 Comments desired

[] Recommendations desired
[] Note and return

[C] Note and file

[&X For your inforn'ﬁqrcE]VED

P.M.

(o
)
"'\.

Remarks:

SEP1 0 1964

¢ A.S.C. Trans.
WY
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FORM CS 8-70- P C8D

COLUMBIA GAS SYSTEM

A f :
PIPELINES AND MAINS TEST DATA
COMPANY DATE
ATLANTIC SEABOARD CORPORATION February 16, 1966
STATE DIVISION DISTRICT
West Virginia Elkins - ey o fere o
LINE NUMBER ACCOUNT OR WORK ORDER NUMBER
WB-5 Budget 3505 W. 0. 359-21
PIPE DATA
PIPE SIZE, NOM. 0. D. LENGTH, FT. MILES
: 36" 51,958 9.72
WALL THICKNESS - INS. GRADE MINIMUM SPECIFIED YIELD STRENGTH
2 .438 X-60 60, 000
MANUFACTURER PURCHASE_ORDER NO. DATE
: U. 5. Steel "$o3 Jan. 26, 1965
TYPE OF LONGITUDINAL SEAM, IF ANY
4 Double Submerged Arc
COLD EXPANDED MILL INSPECTED BY L 0.
5 Yes P. 0. 4381 March 19, 1965
DESIGN DATA
CONSTRUCTION TYPE “F"
¢ 0.72 (Type A Construction)
LONGITUDINAL JOINT FACTOR "E"
7 1. 0
TEMPERATURE DERATING FACTOR "T"
8 1.

DESIGN PRESSURE

o/ "™ 1 000

(See Approved Procedure No. 95, System Standard Policy for Piping Design Pressure)

PSIG
DATE OF PROOF TEST

PROOF TEST DATA ovember 30, 1965
LOCATION CLASS TEST MEDIUM

10 1 Gas
TEST PRESSURE DURATION OF TEST

11 884 PSIG 24 HOURS
WITNESSED CONTRACTOR COMPANY

BY: Carl E. Smith Lloyd Ulrich
TEST ACCEPTED BY:
DATE OF LEAKAGE TEST

LEAKAGE TEST DATA (See Form No. G - 10412)
TEST MEDIUM TEST PRESSURE

12 PSIG
LENGTH OF TEST PRESSURE LDSS

13 PSIG
CALCULATED LEAKAGE, CUBIC FEET LOSS PER

14 | MILE OF EQUIVALENT 3" AT 100 PS1G CU. FT.
WilEsan CONTRACTOR COMPANY

BY:

TEST ACCEPTED BY:

NOTE: If the line falls into more than one Construction Type (excepting road, railroad crossings, fabricated assemblies, spans, .)

complete separate sheet for each type.

® 1185 of 36", X-100 Experimental pipe laid in 1964 was also tested.

*#* Line designed for 1000 Psi, this test qualifies

8004 Psi until retest during 1966.

it for temporary operation at
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/ FOXBORO BACK PRINTING NO. 1781

/1

4 Toe | STATION NUMBER Mecrc Eizcn  Gaze - = |
ouﬂlﬁ‘ﬁ%m STATION NAME
At |cHaRTON__ /=29 1045 AT.Zz:00- PM
SIGNED_ S, 77 (ptlecss
0 o (/) =3 ~ 1948 & AT Zi0e ToH:
ouT WHEN | REMARKS
CHART IS
REMOVED | igNED o Gl
OFFICE AVERAGE FACTOR
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NIST IR 8535

Appendix B. Pipe Section Details

Page 142|
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NIST IR 8535

Appendix C. Mechanical Test Specimen Cut Plans

Page 146 |
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