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1. PEER REVIEW PANEL MEETING OVERVIEW

Volume 2: Summary of Peer Review Panel Meeting represents the second of three volumes
for the peer review summary report documenting the external panel peer review of the final
report for the BSEE study entitled, TAP 766: Characterizing the Behavior of Inconel Clad A387
Steel (ASTM A387 Grade F22, Class 2) in High Pressure-High Temperature, Corrosive
Environments — Material Models for Fatigue and Fracture Properties of Inconel 625
Cladding-Final Report (April 30, 2018).

Volume 2 of the peer review summary report provides information about the March 5-6, 2019
peer review panel meeting held at EnDyna’s office in McLean, Virginia. For additional
information about the peer review:

e Refer to Volume 1 of the peer review summary report for the final written peer review
comments from the selected expert peer reviewers.

e Refer to Volume 3 of the peer review summary report for the public comments on the
final TAP 766 report. Volume 3 also summarizes information about the April 24, 2019
conference call scheduled as an addendum to the March 5-6, 2019 panel meeting to
discuss the compiled public comments on the final TAP 766 report.

Section 1 of Volume 2: Summary of Peer Review Panel Meeting provides an overview of the
panel meeting. Section 1.1 includes an introduction to the peer review panel. Section 1.2
provides the objective and scope of this peer review, as outlined in the peer review charge
document provided to the peer reviewers. Section 1.3 summarizes the process for requesting
BSEE’s written responses to the peer reviewer questions. Section 1.4 outlines the “ground rules”
for the peer review panel meeting and Section 1.5 briefly describes the requirements to provide
an impartial peer review. Finally, Section 1.6 outlines the organization of Volume 2 of the peer
review summary report.

1.1 Introduction

EnDyna selected a peer review panel of four senior scientists (see Table 1) with expertise in:

1) Material science and engineering, corrosion background, metallurgy engineering
background.

2) Practical experience and knowledge of corrosion behavior including stress corrosion
cracking of nickel-based alloys, metallic material fatigue, and fracture behavior.

3) Practical experience with design of offshore equipment in high-pressure and high-
temperature environments.

4) Practical experience with metallic material testing and evaluation, metallography,
material properties testing, microscopy, mechanical testing, corrosion testing,
environmental testing, and analytical chemistry.

Each peer reviewer prepared an initial written review of the final report of the BSEE study
entitled, TAP 766: Characterizing the Behavior of Inconel Clad A387 Steel (ASTM A387 Grade
F22, Class 2) in High Pressure-High Temperature, Corrosive Environments — Material Models
for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report (April 30, 2018).
The peer reviewers submitted their initial written review to EnDyna prior to the March 5-6, 2019
peer review panel meeting. EnDyna compiled the initial written comments and distributed those
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compiled initial written comments to all peer reviewers on February 6, 2019 for their review
prior to the peer review panel meeting.

The peer review panel meeting was held on March 5-6, 2019 at EnDyna’s office in McLean,
Virginia. Each peer reviewer attended and participated fully in the 2-day peer review panel
meeting. The EnDyna Peer Review Lead and the EnDyna Facilitator managed the peer review
panel meeting with the four peer reviewers. The purpose of this meeting was to encourage
discussion among the peer reviewers to result in a robust and insightful review that was centered
on BSEE's Charge Questions. BSEE did not participate in the deliberations of the peer review
panel meeting, but the BSEE COR and other BSEE staff were available, if needed, to provide
information on the history and background of this TAP 766 study.

As part of Volume 2 of the final peer review summary report, Section 2 presents the meeting
summary developed by EnDyna from the discussion at the peer review panel meeting. Section 3
presents the agenda for the peer review panel meeting.

Table 1. Peer Reviewers for Final TAP 766 Report

Name Affiliation Credentials / Advanced Degrees
Director of Engineering Materials, | ¢ FNACE: Fellow of NACE International (The
Weatherford International, Houston, Corrosion Society), elected 2019
Robert (Bob) Badrak, | 1y o FASM: Fellow of ASM International (The Materials
PE, FNACE, FASM Information Society), elected 2010

o MSE, Metallurgical Engineering, University of
Michigan, 1977

Materials Research Engineer, e FASM: Fellow of ASM International (The Materials
Jeffrey (Jeff) Hawk, | National Energy Technology Information Society), elected 2001
PhD, FASM Laboratory (NETL), U.S. « PhD, Materials Science, University of Virginia, 1986
(Alternate) Department of Energy (DOE), o MS, Materials Science, University of Virginia, 1983
Albany, OR
Senior Corrosion Scientist, e FASM: Fellow of ASM International (The Materials
GE Global Research Center, Information Society), elected 2019
3 Schenectady, NY e FNACE: Fellow of NACE International (The
Raul Rebak, PhD, Corrosion Society), elected 2014
FNACE, FASM e PhD, Corrosion and Metallurgy, The Ohio State

University, 1993
e MS, Chemical Engineering, National University of
Misiones, Argentina, 1982

Principal Engineer, e PhD, Materials Science and Engineering, The

Environmental Performance of University of Texas at El Paso, 1997

Materials Section, Materials e MS, Metallurgical and Materials Engineering, The
Elizabeth Trillo, PhD Engineering Department, University of Texas at El Paso, 1994

Mechanical Engineering Division,
Southwest Research Institute
(SWRI), San Antonio, TX

1.2 Peer Review Objective

The final TAP 766 report meets the criteria for “Highly Influential Scientific Assessment” under
the Office of Management and Budget (OMB) “Final Information Quality Bulletin for Peer
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Review” (OMB M-05-03, December 2004). Therefore, BSEE determined that this report
contains new scientific information that shall be subjected to peer review. This study’s findings
may have a direct bearing on the methods, industry standards, best practices, and material
selection for equipment utilized for HPHT offshore oil and gas operations. This study’s results
may suggest the need for revisions of respective industry standards and could affect how BSEE
and industry interpret those standards. The results from this study are important for reviewing
BSEE’s proposals for new technologies for offshore oil and gas operations under HPHT
corrosive environments.

The objective of this external panel peer review was for BSEE to receive comments from
individual experts on the final report of the BSEE study entitled, TAP 766: Characterizing the
Behavior of Inconel Clad A387 Steel (ASTM A387 Grade F22, Class 2) in High Pressure-High
Temperature, Corrosive Environments — Material Models for Fatigue and Fracture Properties
of Inconel 625 Cladding—Final Report (April 30, 2018). This panel peer review was scientific
and technical in nature, reviewing the methods, assumptions, data quality, the strengths of any
inferences made, and the overall strengths and limitations of the study.

1.3 BSEE Charge for Scope of Peer Review

To focus the peer review process effectively on BSEE's Charge Questions, BSEE carefully
defined the scope of this peer review for the final report of the BSEE study entitled, TAP 766:
Characterizing the Behavior of Inconel Clad A387 Steel (ASTM A387 Grade F22, Class 2) in
High Pressure-High Temperature, Corrosive Environments — Material Models for Fatigue and
Fracture Properties of Inconel 625 Cladding—Final Report (April 30, 2018).

EnDyna instructed the peer reviewers that their written peer review comments should stay within
the BSEE Scope defined below. The peer reviewers were also informed that it was important to
remember that this panel peer review was scientific and technical in nature, reviewing the
methods, assumptions, data quality, the strengths of any inferences made, and the overall
strengths and limitations of the study.

BSEE Charge for the Scope of this Peer Review

The scope of this peer review is focused only on the scientific and technical merit of the
assumptions, inputs, methodologies, modeling, and results for the BSEE study entitled,
TAP 766: Characterizing the Behavior of Inconel Clad A387 Steel (ASTM A387 Grade F22,
Class 2) in High Pressure-High Temperature, Corrosive Environments — Material Models
for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report (April 30, 2018).
This peer review is scientific and technical in nature and includes reviewing the methods,
assumptions, data quality, the strengths of any inferences made, and the overall strengths
and limitations of the study. The scope of the peer review includes the material, fabrication,
computations, testing, engineering factors, modeling, results, and final recommendations
generated from the TAP 766 study. As such, the peer reviewers should focus on providing
comments on the scientific and technical merit of the TAP 766 study. Because this peer
review is scientific and technical in nature, BSEE is not interested in comments focusing on
editorial style.
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The following are considered Out-Of-Scope for this peer review; any and all Qut-Of-Scope
comments will not be considered by BSEE during this peer review process:

e BSEE is not interested in general comments related to high-pressure high-temperature
(HPHT) equipment or environments, because: 1) this peer review is focused only on the
methods and approach for testing in a sour-gas environment under HPHT conditions that
were used in the TAP 766 study referenced above, and 2) this peer review is focused on
the standards that were used in the TAP 766 study referenced above (see Tables 3 and 4
in final TAP 766 report).

e BSEE is not interested in comments on, or suggestions for, alternative fatigue and
fracture testing methods, except for comments on any omissions or errors identified in the
specific material testing methods used for testing in a sour-gas environment under HPHT
conditions in the TAP 766 study referenced above, because this peer review is focused on
the research already completed for this TAP 766 study.

e BSEE is not interested in comments about APl RP 17TR8 because BSEE has already
completed a peer review for a previous BSEE study evaluating methods recommended by
API RP 17TR8. Comments about APl RP 17TR8 will not be considered during this peer
review.

e This peer review is scientific and technical in nature, and does not extend to BSEE
policies or BSEE regulations. Comments related to BSEE policies and decisions or to
current or proposed BSEE regulations will not be considered.

1.4 BSEE’s Written Responses to Peer Reviewer Questions

To facilitate obtaining as much information as possible prior to the panel meeting, EnDyna’s
Peer Review Lead listed/paraphrased EnDyna’s and the peer reviewer’s initial questions about
the final TAP 766 report. EnDyna provided BSEE a list of the peer reviewer’s questions on
December 5, 2018. EnDyna requested that BSEE provide responses to these peer reviewer
questions in writing so that EnDyna could distribute written responses to all four peer reviewers
in advance of the peer review panel meeting. EnDyna received BSEE’s written responses on
February 4, 2019 and reformatted to improve readability.

Section 4 presents BSEE’s written responses to the peer reviewer questions. EnDyna distributed
BSEE’s written responses to the peer reviewer questions to all four peer reviewers on February
14, 20109.

1.5 Peer Review Panel Meeting “Ground Rules”

The “ground rules” provided to the peer reviewers both prior to and during the peer review panel
meeting are listed below:

e An external peer review is intended to solicit individual reviewer feedback, to increase
the independence of the peer review process.

e The panel is not asked to, and should not attempt to, form consensus or collective
recommendations, ratings, or opinions, and panel reviewers must understand that they
should provide individual feedback on the research product.

EnDyna, Inc. 4
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Any BSEE staff that may attend the panel meeting can only provide background
information on the research product to the peer reviewers, which can occur only during
the panel meeting run by EnDyna, and at EnDyna’s request.

The panel meeting will not include discussion related to BSEE policies and decisions or
current or proposed BSEE regulations.

1.6 Conflict of Interest — Impartiality

Each peer reviewer’s signature on their Conflict of Interest (COI) Form and their signed Non-
Disclosure/Confidentiality Agreement (NDA) certified that each peer reviewer would provide an
impartial, technically sound, objective, and independent scientific and technical review, or in
other words, not provide a biased opinion in responding to BSEE’s Charge Questions and in
providing general impressions.

1.7 Organization of Report

Volume 2 of this peer review summary report is comprised of seven sections, as listed below:

Section 1 provides an introduction to the subject matter experts selected by EnDyna for
the peer review panel.

Section 2 presents the meeting summary developed by EnDyna from the discussion at the
peer review panel meeting.

Section 3 provides the agenda developed by EnDyna for the peer review panel meeting.
Section 4 provides BSEE’s written responses to the peer reviewer questions.

Section 5 provides EnDyna’s TAP 766 study background presentation.

Section 6 presents a handout prepared by Mr. Badrak that identified the parts of
ANSI/NACE MRO0175/ 1SO 15156 that Mr. Badrak considered relevant to the TAP 766
study.

Section 7 provides Reference [14] or the “project interim report” cited on page 9 of the
final TAP 766 report.
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2. PEER REVIEW PANEL MEETING SUMMARY

The peer review panel meeting was held on March 5-6, 2019 at EnDyna’s office in McLean,
Virginia. This section presents the meeting summary developed by EnDyna from the discussion
at the peer review panel meeting.

Attendees:
e Ms. Amy Doll, e Robert (Bob) Badrak, PE, FNACE, FASM,
EnDyna, Peer Review Expert Peer Reviewer
Lead o Jeffrey (Jeff) Hawk, PhD, FASM, Expert Peer
e Mr. Ken Rock, Reviewer (Alternate)
EnDyna, Facilitator e Raul Rebak, PhD, FNACE, FASM, Expert Peer

Reviewer
e Elizabeth Trillo, PhD, Expert Peer Reviewer

2.1 Day-1: March 5, 2019

EnDyna’s Facilitator, Mr. Ken Rock, opened Day-1 of the panel meeting at 9:00am by
introducing himself. Mr. Rock asked EnDyna’s Peer Review Lead, Ms. Amy Doll, to introduce
herself. Each of the peer reviewers introduced themselves and provided some brief background
on their expertise and experience.

Mr. Rock reviewed the “ground rules” for the peer review panel meeting (see Section 1.4). Ms.
Doll briefly reminded the peer reviewers about the peer review process and the schedule for
submitting final written peer review comments after the panel meeting.

Background on TAP 766 Study

EnDyna’s Peer Review Lead, Ms. Doll, presented background information about the TAP 766
study. Prior to the panel meeting, the BSEE COR (Mr. Mark Kozak) had reviewed and approved
EnDyna’s background presentation. EnDyna sent the background presentation to the peer
reviewers on February 28, 2019 for their review in advance of the panel meeting. Section 5
provides EnDyna’s TAP 766 study background presentation.

The peer reviewers noted that the background information about BSEE’s TAP Program and the
TAP 766 study was helpful, particularly the information about the $618,475 award value. Each
of the peer reviewers acknowledged that the TAP 766 project team conducted a considerable
amount of material testing given the available budget.

Ms. Doll also provided a brief overview of the federal government guidelines for a Highly
Influential Scientific Assessment or Highly Influential Scientific Information peer review,
which include requirements for a more rigorous peer review and greater transparency through
public participation. This overview included a brief summary about the Office of Management
and Budget (OMB) “Final Information Quality Bulletin for Peer Review” (OMB M-05-03,

EnDyna, Inc. 6
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December 2004), and the BSEE “Peer Review Process Handbook” (dated May 2017), both of
which were referenced in the peer review charge document provided to the peer reviewers.

Ms. Doll also explained that BSEE’s public comment period should have started in mid-
November 2018. As noted in the peer review charge document provided to the peer reviewers,
EnDyna had expected to provide the relevant scientific and technical public comments to the
peer reviewers for their review prior to the panel meeting. BSEE first experienced internal delays
in making the announcement, and then the federal government shutdown caused further delays in
BSEE’s announcement of the public comment period. The public comment period for the final
TAP 766 report began on February 18, 2019 and was open for six weeks until April 1, 2019. Ms.
Doll mentioned that one option to accommaodate for this unexpected delay would be to schedule
a conference call later in April 2019 when the peer reviewers could discuss any relevant
scientific and technical public comments received about the final TAP 766 report.*

General Impressions: Overall impressions addressing the accuracy of information presented,
clarity of presentation, and soundness of conclusions.

Mr. Rock asked each peer reviewer to use around five minutes to provide a high-level summary
of their general impressions for the BSEE study entitled, TAP 766: Characterizing the Behavior
of Inconel Clad A387 Steel (ASTM A387 Grade F22, Class 2) in High Pressure-High
Temperature, Corrosive Environments — Material Models for Fatigue and Fracture Properties
of Inconel 625 Cladding—Final Report (April 30, 2018).

Dr. Trillo commented that the material tests in the final TAP 766 report represented a diverse
and thorough evaluation of fatigue and fracture for the Inconel 625 clad material. Although
acknowledging a wide range of material tests were conducted, Dr. Trillo stated that more detail
could have been included in the report about the material testing methods. Dr. Trillo also stated
that the report should have provided a more explicit and systematic description of the variables
for each material test method. This additional detail was important, as Dr. Trillo believed this
was a “toe in the water” study, which was intended for others to follow to increase understanding
of cracking/fracture susceptibility of the Inconel 625 clad material and the additional test details
would be important to accurately replicate test conditions in future work.

Mr. Badrak noted that overall the direction of the TAP 766 study was good; however, there were
areas needing improvement. In particular, Mr. Badrak commented that the temperature of 350°F
used in all elevated temperature tests for this project was too benign, and noted that 350°F was
the lower boundary for the definition of HPHT environments. Mr. Badrak emphasized that
temperature is most important (versus pressure) as an environmental component of the
cracking/fatigue mechanisms. Mr. Badrak expressed concerns about project execution because
material tests were conducted using only a single plate upon which two layers of Inconel 625
was weld applied. Moreover, Mr. Badrak noted that the weld overlay process was not described
in detail in the report.

! Volume 3 of the final peer review summary report summarizes information about the April 24, 2019 conference
call scheduled as addendum to the March 5-6, 2019 panel meeting to discuss the compiled public comments on the
final TAP 766 report.
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Dr. Hawk commented that the TAP 766 project was well thought out and executed. Dr. Hawk
observed that the report was a good start in establishing a baseline of information. Dr. Hawk
stated that the report needed more documentation of the methodology, including the testing
laboratory equipment used for each material test method. To support reproducibility by other
researchers, Dr. Hawk emphasized that more specific information on how the material test
methods followed the standards in Table 3 and Table 4 was necessary. It would be important for
other researchers to know how closely the TAP 766 study followed the standards and, if there
actually were any differences from the standards, to document specific information about any
such differences from those standards.

Dr. Hawk also acknowledged making “a lot of assumptions” during initial review of the final
TAP 766 report. More specifically, Dr. Hawk mentioned making assumptions that the testing
laboratory had used generally accepted material testing protocols for the TAP 766 experiments.
Dr. Hawk now observed that not much technical detail about the TAP 766 material testing
protocol was actually documented in the report.

Dr. Trillo also acknowledged making assumptions during initial review of the final TAP 766

report that the testing laboratory had used generally accepted material testing protocols. Upon
further evaluation, Dr. Trillo observed that the report lacked the necessary technical details to
document completely the approach used for material testing in the TAP 766 study.

Dr. Rebak had no issues with the material tests that were selected, but stated that the data and
results provided in the report were not put in the proper context. Dr. Rebak emphasized that the
report lacked sufficient detail for anyone to reproduce or perform complimentary tests to
increase confidence in the results reported by the TAP 766 study.

There was more discussion among the peer reviewers about the need to provide sufficient detail
to support reproducibility by other researchers. Dr. Hawk suggested that more detailed technical
information should have been provided in appendices to the report. Dr. Trillo and Mr. Badrak
also commented that it was necessary to describe more systematically what was and was not
included with respect to each standard (Table 3 and Table 4) for each of the material testing
methods.

Charge Question 1: Were the objectives of the study clearly defined (Section 1)? If not,
what are your recommendations for improving the description of this study’s objectives?

Dr. Hawk stated that the objectives were clearly defined. After observing that this was a “scout”
study given the available resources, Dr. Hawk commented that the results from the TAP 766
study do not provide a wide variation of data for alloy/clad combinations or sufficient
information to verify general environment/property trends for such alloy/clad systems. Dr. Hawk
noted that the TAP 766 study used only one heat (sample set) and commented that eventually it
would be good to obtain material testing data for more heats (sample sets) from maybe 5-6
different cladding manufacturers. Dr. Hawk suggested that the report should include an explicit
caveat stating clearly that because the material testing was based on only one heat (sample set),
no conclusions can be drawn yet.

EnDyna, Inc. 8
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Mr. Badrak added that by using only one temperature (350°F) in the material tests for the TAP
766 study, the methodology did not evaluate environments “closer to the edge” of potential
environment/property trends for alloy/clad systems. By not evaluating temperatures greater than
350°F, Mr. Badrak suggested that it would be difficult to draw conclusions about achieving an
adequate margin of safety.

Dr. Rebak commented that the objectives should describe why the TAP 766 study wanted to
perform those material tests. Dr. Rebak suggested that it was necessary to have better context for
the TAP 766 study and emphasized that this is not the first time such tests were performed. In
addition, Dr. Rebak noted that better context could be achieved by explaining what is currently
known, and what and why new information was necessary from the material tests in the TAP 766
study.

Mr. Badrak stated that the objectives were clear; however, the report should have described the
scope of the project better. Mr. Badrak observed that describing how limited the scope actually
was for the TAP 766 study would help to understand the methodology. Although the scope was
limited, Mr. Badrak noted that the TAP 766 study provided a good “springboard” for future
studies.

Dr. Trillo commented that overall the objectives were good to identify the cracking/fracture
behavior of the Inconel 625 clad material. Dr. Trillo stated that from a technical perspective, the
report covered all the cracking mechanisms to adequately identify any cracking/fracture
susceptibility of the Inconel 625 clad material. Dr. Trillo noted that the report should have stated
that the material test results represented only one data set and thus it was a limited study and any
use of data would be limited to this specific case.

Group Discussion: Background on ANSI/NACE MR0175/1SO 15156

Mr. Badrak provided background information about ANSI/NACE MRO0175 / 1ISO 15156,
followed by a group discussion. Section 6 presents a handout prepared by Mr. Badrak that
identified the parts of ANSI/NACE MR0175 / ISO 15156 that Mr. Badrak considered relevant to
the TAP 766 study.

Charge Question 2: Were the analyses used for the pre-tested metallurgical analysis
(Section 3) appropriately designed, clearly described, and adequately characterized? Were
there any apparent strengths, weaknesses, omissions, or errors? Provide an explanation for
your answers.

Dr. Rebak commented that the metallurgical analysis of the fabricated slab of material was
adequate; however, also observed that the report had gaps in characterization data. With respect
to chemical composition, for example, Dr. Rebak stated that the spatial distribution of iron in the
layers of the Inconel 625 cladding was provided in Figure 6, but the report did not include
similar data on chromium and molybdenum. In addition, Dr. Rebak pointed out there was no
image for nickel in Figure 5, which was intended to confirm the chemical elements in the Inconel
625 cladding.

EnDyna, Inc. 9
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Dr. Rebak and Mr. Badrak noted that chromium and molybdenum are the two elements that
provide corrosion resistance, and actually make Inconel 625 a corrosion resistant alloy (CRA).

Mr. Badrak commented that the properties of the Inconel 625 weld overlay were not adequately
characterized. In particular, Mr. Badrak expressed concerns that the iron content data reported
for the two layers of the overlay were different from what would be expected for iron dilution.
Specifically, Mr. Badrak would have expected the second layer (away from substrate interface)
to have an iron content less than 5% given that the iron content in the first layer was relatively
constant at about 8% at distances from 2000-4800 um from the steel interface.

Mr. Badrak observed that a cladding weld overlay with two layers is the typical practice for
industry. Mr. Badrak liked the approach of characterizing each of the two cladding layers
because the top layer is important for corrosion resistance.

After observing that the report did not include thickness hardness traverses, Mr. Badrak
emphasized that hardness traverses are important to adequately characterize the properties of a
deposited weld overlay. Mr. Badrak explained that ANSI/NACE MR0175 / ISO 15156-2,
referring specifically to Clause 7.3.3 and Figure 6, requires hardness traverses through the
overlay and into the base metal. Mr. Badrak referred to Clause A.13 of ANSI/NACE MRO0175 /
ISO 15156-3 as the relevant reference section for how to define weld overlay properties
completely.

Dr. Trillo commented that the optical micrographs in the report were good. Dr. Trillo stated that
the second clad layer (away from substrate interface) was not characterized properly. Dr. Trillo
also commented that hardness traverse measurements for the Inconel 625 weld overlay should
have been included in the report.

Dr. Hawk commented that the chemistry of the weld overlay was not clearly described in the
report. After looking more thoroughly at iron dilution in Figure 6 of the report, Dr. Hawk
expressed concerns that the iron content values were not reasonable. Dr. Hawk stated that the
metallurgical analysis of the material was not clearly described and expressed concerns that the
report had more ambiguity on iron content than necessary.

Mr. Badrak emphasized again that there was something peculiar about the iron content
measurements in the report. Mr. Badrak pointed to the last bullet on page 5 of the report. Dr.
Hawk asked Mr. Badrak how important iron content was for the metallurgical analysis in this
report. Mr. Badrak stated that iron content is important when it gets above 5% and iron content
becomes important for corrosion when it gets up to 20%.

Dr. Hawk also commented that it was not clear from the report if the TAP 766 study included
hardness measurements. There was discussion among the peer reviewers about the importance of
hardness measurements and how data for hardness traverses would complement the iron content
measurements. The peer reviewers looked over the various certifications that were provided in
BSEE’s written responses (see Section 4, Questions #1 and 2, and related Section 4 appendices).

Based on experience conducting many weld overlays, Mr. Badrak observed that some
fundamental information for metallurgical analyses was missing from the report. In addition, Mr.
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Badrak commented that taking more measurements (beyond iron content) for metallurgical
analysis of the Inconel 625 weld overlay would be important.

Dr. Hawk observed that the ability to reproduce the work for construction of the welded
specimen directly influences the usefulness of the TAP 766 study results. Mr. Badrak
commented that the report does not clearly describe or adequately characterize metallurgical
analyses that would ordinarily be expected in such reports. Dr. Hawk added that more clarity was
needed to put into context the various certifications that were provided in BSEE’s written
responses (see Section 4, Question #1 and 2, and related Section 4 appendices).

Charge Question 3: Were the analytical methods used for the Engineering Stress-Strain
Tensile Testing (Sections 4.1, 5, and 6.1) appropriately designed, clearly described, and
adequately characterized? Were there any apparent strengths, weaknesses, omissions, or
errors? Provide an explanation for your answers.
o Were the test objects selected for analysis valid test objects to evaluate the material
properties?
o Were the assessments of engineering safety factors for the cited methods/standards (Table
4) valid for the expected applications in HPHT corrosive (sour gas) environments?
e \Were the computational methods and research design clearly defined, accurate, and
appropriate for this material testing method?
o Were the material testing methodology and underlying assumptions clearly defined,
accurate, and appropriate?

Mr. Badrak noted that only a single tensile test was conducted and used as the basis upon which
stress levels were selected for the other material tests. Mr. Badrak commented that at least two
tensile tests are typically performed to determine the mechanical properties. Mr. Badrak stated
that at least two all weld metal tensile specimens must be run in each weld layer to determine the
mechanical properties of each weld layer.

Mr. Badrak expressed concerns about the lack of hardness traverses because it should have been
possible to use hardness traverses to help identify the weakest local regions of the test specimen
or those local regions with lower tensile strength. Mr. Badrak noted again that compliance with
ANSI/NACE MR0175 / ISO 15156-2 requires hardness traverses. Mr. Badrak also noted that the
hardness traverse in the overlay would provide information regarding variability in tensile
strength and changes in strength with respect to location.

Mr. Badrak commented that NACE TM0198 — Slow Strain Rate Test Method for Screening
Corrosion Resistant Alloys for Stress Corrosion Cracking in Sour Oilfield Environments, should
have been referenced in the final TAP 766 report, instead of using ANSI/NACE TM0284 (more
appropriate for products being made from plate such as pipelines).

Mr. Badrak suggested that further work on material testing should address all three potential
cracking mechanisms for solid-solution nickel-based alloys (e.g., Inconel 625): stress corrosion
cracking, sulfide stress cracking, and galvanically induced hydrogen stress cracking. Mr. Badrak
added that there is an issue now in low-temperature environments about hydrogen embrittlement
of nickel-based alloys.
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Dr. Rebak commented that this test was well designed for the TAP 766 study. Dr. Rebak
emphasized; however, that this section of the report was inadequate because it never compared
the TAP 766 study findings on the clad mechanical properties with values from vendors or from
the literature for wrought or cast alloy 625. Dr. Rebak commented that such comparison between
wrought and clad cast materials would have added a greater degree of certainty to the results
reported from the TAP 766 study.

Dr. Hawk commented that this section of the report was clearly described and that this test was
designed appropriately and conducted correctly. Dr. Hawk stated that more than one tensile test
was needed.

Dr. Trillo commented that the methods used for this test were appropriately designed and
characterized. Dr. Trillo acknowledged assuming that the TAP 766 study ran two tensile tests,
because at least two tensile tests would be the typical approach at testing laboratories. Dr. Trillo
also acknowledged that the final TAP 766 report actually provided results for only one tensile
test.

There was discussion among the peer reviewers about whether NACE TM0198% was actually the
correct standard that should have been referenced in the report, as Mr. Badrak had noted earlier,
instead of ANSI/NACE TM02842 (see Table 4 in final TAP 766 report). Dr. Trillo commented
that referencing the wrong NACE standard (TM0284) in Table 4 of the report instead of the
correct NACE TM0198 standard “had to be a typo.” *

Group Discussion: Background on uses of screening tools/techniques (e.g., SSRT)

Dr. Rebak provided background information about the uses of screening techniques, such as the
slow-strain-rate tensile test, followed by a group discussion about how screening techniques can
help determine which material testing method is the best approach.

Charge Question 4. Were the analytical methods used for the Slow-Strain-Rate Tensile
Testing (Sections 4.2, 5, and 6.2) appropriately designed, clearly described, and adequately
characterized? Were there any apparent strengths, weaknesses, omissions, or errors?
Provide an explanation for your answers.
o Were the test objects selected for analysis valid test objects to evaluate the material
properties?
e Were the assessments of engineering safety factors for the cited methods/standards (Table
4) valid for the expected applications in HPHT corrosive (sour gas) environments?
e \Were the computational methods and research design clearly defined, accurate, and
appropriate for this material testing method?

2 NACE TMO0198 "Slow Strain Rate Test Method for Screening Corrosion-Resistant Alloys for Stress Corrosion
Cracking in Sour Qilfield Service" is not cited or referenced in the final TAP 766 report.

¥ ANSI/NACE TM 0284 was listed in Table 4 and as Reference [11] in Section 10 of the final TAP 766 report.
ANSI/NACE TMO0284 is “Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen-Induced
Cracking.”

* After the peer review panel meeting, BSEE confirmed directly with DNV-GL (Ramgopal Thodla) that the TAP
766 study used NACE TM0198 for the Slow-Strain-Rate Tensile Testing and BSEE clarified that referencing
ANSI/NACE TMO0284 in Table 4 and as Reference [11] in Section 10 of the final TAP 766 report was “a typo.”
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o \Were the material testing methodology and underlying assumptions clearly defined,
accurate, and appropriate?

Dr. Trillo commented that the strain rate of 4 x 10®/sec was too fast. Dr. Trillo stated it would
have been more appropriate to test at a slower strain rate of 1 x 10°%/sec for this material. Dr.
Trillo explained that a slower strain rate would be more sensitive to environmental effects and
could have better captured the HPHT sour-gas environmental effects.

Dr. Trillo also stated that the correct NACE standard was NACE TM0198 — Slow Strain Rate
Test Method for Screening Corrosion Resistant Alloys for Stress Corrosion Cracking in Sour
Oilfield Environments.® Dr. Trillo explained that this slow-strain-rate test method was developed
for screening of CRA material resistance to stress corrosion cracking in simulated oilfield
production environments at elevated temperatures. In addition, Dr. Trillo stated that the report
needed to provide all of the slow-strain-rate test data in a table as required by the NACE
TMO0198 standard.

Mr. Badrak also explained that conducting this material test at a slower strain rate would have
been a better approach for the Inconel 625 weld overlay. Mr. Badrak also noted that the TAP 766
study did not comply with the NACE TMO0198 standard for the slow-strain-rate tensile testing.

Dr. Hawk noted that the strain rate was too fast, but in particular, emphasized that all of the
material testing data should have been presented in table format. Dr. Hawk expressed concerns
that overall there was insufficient technical detail in the report and emphasized that graphs are
not a substitute for fully reporting all the material testing data.

Dr. Hawk pointed to Reference [14] or the “project interim report” cited on page 9 of the final
TAP 766 report and questioned why Reference [14] had the same publication date as the final
report and whether Reference [14] may have more data. Dr. Hawk requested that Ms. Doll try to
obtain a copy of Reference [14] for the peer reviewers.

Ms. Doll contacted the BSEE COR (Mr. Mark Kozak) who immediately sent a copy, and Ms.
Doll emailed a PDF version to each peer reviewer and provided a printed copy to review during
the panel meeting. Section 7 provides Reference [14] or the “project interim report” cited on
page 9 of the final TAP 766 report.

Dr. Rebak noted that slow-strain-rate tensile testing is a good and fast first screening technique to
determine susceptibility of alloys to stress corrosion cracking in an HPHT sour-gas environment;
however, emphasized that selecting an appropriate strain rate is important for this test. Dr. Rebak
expressed concerns that the report did not explain why the strain rate of 4 x 10°® s was selected
for the TAP 766 study. Dr. Rebak stated that the chosen strain rate would not allow for discovery
of slow forming cracks and did not give the material the opportunity to react with the
environment. Dr. Rebak commented that the strain rate could be lower, such as 1 x 10° s or

> NACE TMO0198 "Slow Strain Rate Test Method for Screening Corrosion-Resistant Alloys for Stress Corrosion
Cracking in Sour Oilfield Service" is not cited or referenced in the final TAP 766 report.
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even 5 x 107 s, Dr. Rebak also commented that presenting tabular data and including more
context through comparison with literature data for other CRAs would strengthen the report.

Mr. Badrak commented that the slow-strain-rate tensile testing conditions were too benign for
evaluation of stress corrosion cracking for the 9% Mo nickel-based alloy weld overlay and
agreed with the other reviewers that the strain rate was too fast. Mr. Badrak stated that more
confidence in the results of the report could be achieved by including scanning electron
microscopy (SEM) figures presenting a fracture surface for each test sample at low
magnification and the most suspect area identified and presented in a high magnification
photograph. Mr. Badrak liked Dr. Rebak’s comment about the importance of discovering slow
forming cracks.

Dr. Trillo and Dr. Rebak added that the report should have provided many more SEM figures.

Charge Question 5: Were the analytical methods used for the Bent Beam Stress Corrosion
Cracking (SCC) Testing (Sections 4.3, 5, and 6.3) appropriately designed, clearly described,
and adequately characterized? Were there any apparent strengths, weaknesses, omissions,
or errors? Provide an explanation for your answers.
o WWere the test objects selected for analysis valid test objects to evaluate the material
properties?
o Were the assessments of engineering safety factors for the cited methods/standards (Table
4) valid for the expected applications in HPHT corrosive (sour gas) environments?
e \Were the computational methods and research design clearly defined, accurate, and
appropriate for this material testing method?
o Were the material testing methodology and underlying assumptions clearly defined,
accurate, and appropriate?

Dr. Rebak noted that this test applies a sideways force and is a good test, but requires the right
test environment and test laboratory equipment for an effective test. Dr. Rebak stated that
perhaps the testing conditions used for this test in the TAP 766 study were too benign. Dr. Rebak
commented that the results of this test showed nothing useful, but that was not surprising because
the slow-strain-rate test also found nothing useful. Dr. Rebak explained that because the Alloy
625 cladding did not undergo cracking, neither of the tests (bent beam test or slow-strain-rate
test) could determine the limit of susceptibility of the Alloy 625 cladding to environmentally
assisted cracking.

Mr. Badrak commented that this test was the least discriminating test for cracking resistance due
to the load dropping off rapidly from the surface, but it is a good test for welds. Mr. Badrak
stated that the test conditions were too benign for the Inconel 625 alloy weld material and also
that the 30-day test duration was inadequate for nickel-based alloys and overlays. Mr. Badrak
commented that a 90-day test duration was the minimum. Mr. Badrak expressed concerns that
the report did not indicate whether this test used strain gages, which is a common practice for
this test.

Dr. Trillo had assumed the TAP 766 study must have used strain gages to calibrate for this test,

and stated that the report should have explained about strain gages but did not. Dr. Trillo
explained that it is industry practice to test nickel-based alloys for longer test durations, such as
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using a 90-day exposure, not 30 days. Dr. Trillo mentioned that ISO 15156 Part 3 will in the
future include a revision for testing of nickel-based alloys for 90 days under constant load.

Dr. Hawk asked for clarification about whether the 90-day revision that might occur soon was
specifically for nickel-based alloys. Mr. Badrak stated yes.

Dr. Hawk commented that there was a big need for more material testing data from the TAP 766
study to conduct an effective peer review. There was discussion among all the peer reviewers
about the need for more detailed tabular data and results from the material testing.

Ms. Doll noted that the agenda included an opportunity to review the Fatigue and Fracture
Database, which was discussed in Section 7 of the final TAP 766 report. Using a projector, Ms.
Doll walked the peer reviewers through the MS Access database to show the peer reviewers the
material testing data included in the Fatigue and Fracture Database. Ms. Doll distributed a
handout with the database instructions. Given the significant interest among the peer reviewers in
the material testing data, later during Day-1, Ms. Doll provided this MS Access Fatigue and
Fracture Database and the database instructions to each peer reviewer on CD and via email.

Also using a projector, Ms. Doll demonstrated a portion of the CTC Metadata files that were
provided to BSEE with the final TAP 766 report as supplementary information. Given the
significant interest among the peer reviewers in evaluating this detailed material testing data,
photoggaphs, and other data, Ms. Doll arranged to obtain the full CTC Metadata files from
BSEE.

Charge Question 6: Were the analytical methods used for the Fracture Toughness Testing
(Sections 4.4, 5, and 6.4) appropriately designed, clearly described, and adequately
characterized? Were there any apparent strengths, weaknesses, omissions, or errors?
Provide an explanation for your answers.
o WWere the test objects selected for analysis valid test objects to evaluate the material
properties?
o Were the assessments of engineering safety factors for the cited methods/standards (Table
4) valid for the expected applications in HPHT corrosive (sour gas) environments?
e \Were the computational methods and research design clearly defined, accurate, and
appropriate for this material testing method?
o Were the material testing methodology and underlying assumptions clearly defined,
accurate, and appropriate?

Dr. Hawk noted that this test is one of the hardest to run to achieve a valid result. Given the
known difficulty of achieving a valid result from this test, Dr. Hawk suggested that additional
testing could be performed in the future, if possible, especially given the nature of the clad-base
material. Dr. Hawk explained that this test shows how much energy the specimen absorbs before

® In the evening after Day-1 of the panel meeting, Ms. Doll emailed the partial CTC Metadata files that EnDyna then
had available to all four peer reviewers. On Day-2 of the panel meeting, Ms. Doll provided a flash drive to each peer
reviewer with the full CTC Metadata files for the TAP 766 study. The BSEE COR (Mr. Mark Kozak) delivered the
full CTC Metadata files to EnDyna in the morning of Day-2 of the panel meeting.
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it cracks. Dr. Hawk also commented that typically a very large specimen is necessary for a good
test.

Dr. Hawk commended the TAP 766 researchers for the unique approach used to design the
compact tension specimen to test only the Inconel 625 cladding. The TAP 766 researchers built
up a portion of the compact tension specimen using additive manufacturing to add alloy (Inconel
625) to the clad surface to obtain acceptable specimen dimensions for a valid test specimen
geometry and to conform to the ASTM standard.

Dr. Hawk also commented that the conditions used for this test in the TAP 766 study were
benign. Mr. Badrak added that it would have been surprising if any failure had occurred because
those test conditions were benign for Inconel 625 alloy.

Dr. Trillo commented that the TAP 766 study should have done a hardness profile between the
additive manufacturing and the cladding to confirm there were no major differences. Dr. Trillo
also commended the TAP 766 researchers for using additive manufacturing to resolve the sample
geometry needed to obtain a full test sample. Dr. Trillo stated this innovative approach was a
great way to use additive manufacturing technology to complete the sample configurations and
also noted that microstructure was not impacted as was demonstrated by the optical microscopy.

Mr. Badrak liked the additive manufacturing technique, but expressed concerns that there was
some uncertainty about test data validity because of the residual stresses that accompany additive
manufacturing. Mr. Badrak commented that the report did not present information about whether
the magnitude and distribution of those residual stresses could have affected the test results. Mr.
Badrak also stated that it would be necessary to take into account changes in the clad overlay
strength because of the additive manufacturing approach.

Mr. Badrak expressed concerns that the final TAP 766 report had stated this test relied on using a
proprietary DNV method, making it difficult to evaluate the test process used. Mr. Badrak noted
that electrochemical measurements may have provided information that could document the
effectiveness of the proprietary DNV method. Dr. Trillo added that it was surprising that a
proprietary method that could not be disclosed was used for the TAP 766 study.

Mr. Badrak asked whether the impressed current from the voltage drop method (DCPD) would
have an effect on the corrosion at the crack tip that could skew results. Mr. Badrak noted that this
issue has been debated among experts over time. Dr. Hawk added that indeed this issue had been
subject to much debate among experts. There was discussion among the peer reviewers about
how researchers know if the current passed through the compact tension specimen does not
interfere with the corrosion processes at the crack tip. Dr. Rebak offered to look into this issue,
and believed it had been settled, but was not sure about the evidence that there is no effect of the
current on the crack tip behavior.

Dr. Rebak noted that fracture testing of the weld overlay is an important way of testing the
integrity of the weld overlay. Dr. Rebak commented that the TAP 766 study never made a valid
conclusion from this test. Dr. Rebak stated that the test was done under benign conditions and it
was not surprising that there were no measurable deleterious results for the Inconel 625 alloy.
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Dr. Rebak commented that because everything passed in this test, it was not clear how this test
data can be used.

Charge Question 7: Were the analytical methods used for the Fatigue Testing (Sections
4.5, 5, and 6.5) appropriately designed, clearly described, and adequately characterized?
Were there any apparent strengths, weaknesses, omissions, or errors? Provide an
explanation for your answers.
o Were the test objects selected for analysis valid test objects to evaluate the material
properties?
o Were the assessments of engineering safety factors for the cited methods/standards (Table
4) valid for the expected applications in HPHT corrosive (sour gas) environments?
o \Were the computational methods and research design clearly defined, accurate, and
appropriate for this material testing method?
o Were the material testing methodology and underlying assumptions clearly defined,
accurate, and appropriate?

Mr. Badrak commented that the fatigue test data exhibited a lot of scatter; however, that was not
unusual given the variations typically observed with weld material. Mr. Badrak expressed
concerns that the number of tests was insufficient so the resulting test data was not of much use.
In addition, Mr. Badrak commented that the test conditions represented high cycle fatigue
instead of achieving the TAP 766 study’s objective to characterize low-cycle fatigue behavior at
high stresses/strains. Mr. Badrak also commented that the test environment was not aggressive
enough to assess corrosion fatigue behavior for the Inconel 625 clad overlay in HPHT
conditions. Mr. Badrak stated that overall there were serious concerns about the predictive nature
of these relatively benign fatigue tests that would make it impossible to develop a model from
this fatigue testing data.

Dr. Rebak stated that because the Inconel 625 material is resistant to fatigue, it was not clear
what was accomplished by this benign test. Dr. Rebak expressed concerns that because there was
no comparison with what is known about Inconel 625 alloy in the literature, it was not clear if
testing conditions for the TAP 766 study were close to the edge or far away. Dr. Rebak
expressed concerns about how this fatigue testing data could be used and how reassuring the
TAP 766 study’s fatigue test results were. Dr. Rebak commented that the fatigue testing
methodology was valid, but questioned if the data from the fatigue testing as performed for the
TAP 766 study would be useful to evaluate failure in service in an HPHT environment.

Dr. Trillo commented that the intent was good; however, the TAP 766 researchers had to change
their approach as the fatigue testing proceeded in order to get low-cycle fatigue. Dr. Trillo
observed that initially it was not practical because the fatigue testing took too long. Dr. Trillo
stated that changes in test sample configuration were appropriate, although it was still necessary
to increase the test peak cycle stresses to reach the desired number of cycles to failure. Based on
experience in laboratory testing, Dr. Trillo commented that such calibration step changes were
good practice in order to meet the fatigue testing needs. Dr. Trillo stated that some of the fatigue
test data may be useful when applied to subsequent testing.

Dr. Hawk reviewed Table 11 in the final TAP 766 report with the fatigue test results. Dr. Hawk
concurred with the other reviewers about questioning the usefulness of this fatigue test data. Dr.
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Hawk observed that with Inconel 625, if loaded too much, “it fails right away,” and if loaded a
bit less, “it can go for a million cycles.” Dr. Hawk emphasized that it would be important to
understand what is known about Inconel 625 in order to design appropriate fatigue test methods.

Dr. Hawk also commented that changes in stress concentration were necessary in the fatigue
testing plan (shown in Table 8 in the report) to adjust the length of the fatigue test to something
reasonable for the scope of this project. Dr. Hawk emphasized that additional testing would be
necessary to establish a comprehensive fatigue curve. Dr. Hawk observed that the TAP 766
researchers figured out how best to do the fatigue testing by running the tests. Dr. Hawk stated
that typically the most difficult part is not testing in air, but testing in the environment. Dr. Hawk
commented it was not clear how useful the TAP 766 study’s fatigue test data was and that clearly
more testing would be better, especially concerning the stress ratio and stress concentration
factor.

There was discussion among the peer reviewers about fatigue testing and how to address
challenges related to the time required for fatigue tests for evaluating low-cycle fatigue for
materials such as Inconel 625 alloy.

2.2 Day-2: March 6, 2019

Mr. Rock opened Day-2 of the panel meeting at 8:30am.

Ms. Doll asked the peer reviewers if there was any information that should be discussed further
from the charge questions covered in the afternoon the previous day. Ms. Doll also asked
whether any of the peer reviewers were able to look over any of the partial CTC Metadata files
emailed the previous evening. Ms. Doll explained that the BSEE COR would deliver the full
CTC Metadata files to EnDyna later that morning, and then EnDyna would provide a flash drive
to each peer reviewer with the full CTC Metadata files for the TAP 766 study.

Prior to starting the panel discussion, Ms. Doll provided a summary of the peer review process
for a Highly Influential Scientific Assessment or Highly Influential Scientific Information
peer review to answer several questions from Mr. Badrak the previous day. The following is a
summary of key points provided in a handout and discussed with the peer reviewers. Generally
the additional processes for peer review of Highly Influential Scientific Information might
include:

e Use external peer review, in order to ensure independence from the Agency. This might
also include the contractor that is conducting the external peer review using additional
scrutiny in selecting peer reviewers to ensure more documentation of the peer reviewer’s
independence from the Agency.

e More rigorous peer review. For example, peer reviewers might be provided the
underlying data and/or models in addition to the report.

e More transparent peer review process, which usually involves public participation.

e Consider both BALANCE and EXPERTISE in selection of reviewers, for which
“balance” means ensuring that different scientific/technical perspectives (if they exist) for
the topic(s) are represented (“balance” might have more relevance for controversial
topics).
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e Disclaimer included on each page of report. With Highly Influential Scientific
Information, the OMB’s required disclaimer should be included on each page of the
report provided for peer review.

Ms. Doll explained that more information about the peer review process can be found on BSEE’s
website, including a PDF of the BSEE “Peer Review Process Handbook” (dated May 2017). Ms.
Doll placed a printed copy of this BSEE “Peer Review Process Handbook™ on the conference
room table if any peer reviewers wanted to consult it during Day-2.

In addition, Ms. Doll explained that after EnDyna has completed this external panel peer review,
the OMB Bulletin on peer review (OMB M-05-03) and BSEE “Peer Review Process Handbook”
require that BSEE prepare a Comment-Response Document for a Highly Influential Scientific
Assessment or Highly Influential Scientific Information peer review. Ms. Doll mentioned that
BSEE could chose to have the TAP 766 study contractor help prepare BSEE’s Comment-
Response Document. Ms. Doll noted that BSEE will eventually post on the BSEE website both
EnDyna’s Peer Review Summary Report and BSEE’s Comment-Response Document for this
peer review.

Ms. Doll and Mr. Rock opened up the discussion to address whether there was any information
that should be discussed further from the charge questions covered in the afternoon during Day-1
of the panel meeting.

Dr. Hawk noted that hydrogen embrittlement is a common issue, especially with nickel-based
alloys, and could be included in future research. Dr. Hawk commented that the TAP 766 study
was a good effort to begin identifying key factors related to failure that should be studied under
environmental conditions.

Dr. Hawk asked again whether there was any additional technical documentation available about
the laboratory testing equipment that was used in the TAP 766 study. Dr. Hawk and Dr. Trillo
commented that information about the laboratory testing equipment should have been included in
the report or provided as appendices to the report.

Dr. Rebak provided a summary, after looking into it the previous night, about evidence that there
is no effect of the impressed current from the voltage drop method (DCPD) on the corrosion
behavior at the crack tip. There was more discussion among the peer reviewers about this issue
related to the fracture toughness testing (Charge Question #6).

There was discussion among the peer reviewers again about the need for a more systematic
description of how each of the material testing analytical methods incorporated the selected
NACE standards in Table 4 in the final TAP 766 report. The peer reviewers agreed this would be
important to provide more clarity and completeness about how those NACE standards applied to
the material testing conditions, for each of the TAP 766 study’s material testing methods.

Mr. Badrak asked if more explanation could be provided about expected applications for the
Inconel 625 cladded material for equipment in offshore HPHT environments. Mr. Badrak stated
that it would be helpful in developing final written comments on the TAP 766 study to have a
better understanding of what types of equipment would be using this Inconel 625 cladded
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material in offshore HPHT environments. Ms. Doll stated she would ask the BSEE COR about
obtaining that information for the peer reviewers.

The peer reviewers noted that the partial CTC Metadata files that Ms. Doll had emailed the
previous night included some of the needed material testing data that was omitted from the final
TAP 766 report. Dr. Trillo mentioned that it was helpful to review the tables of calibration data.
Dr. Hawk mentioned that some of the photographs were missing from the partial CTC Metadata
files, and Ms. Doll noted that the full CTC Metadata files should include all the photographs and
material testing data provided to BSEE from the TAP 766 study.

Ms. Doll stated that the Fatigue and Fracture Database, which is discussed in Section 7 of the
final TAP 766 report, could be projected again during Day-2, if needed. Ms. Doll also mentioned
that after the full CTC Metadata files were delivered by BSEE, any of that material testing data
could also be projected during Day-2, if needed, for review during the panel discussion.

Group Discussion: Background on scientific/technical challenges related to FCGR testing

Dr. Hawk provided background information about the challenges related to fatigue crack growth
rate (FCGR) testing, followed by a group discussion. Generally, both high cycle and low-cycle
fatigue testing are used to provide an indication of when failure would occur. Although cracks
may initiate early on, the most important information is the FCGR.

Charge Question 8: Were the analytical methods used for the Fatigue Crack Growth Rate
(FCGR) Testing (Sections 4.6, 5, and 6.6) appropriately designed, clearly described, and
adequately characterized? Were there any apparent strengths, weaknesses, omissions, or
errors? Provide an explanation for your answers.
o Were the test objects selected for analysis valid test objects to evaluate the material
properties?
o Were the assessments of engineering safety factors for the cited methods/standards (Table
4) valid for the expected applications in HPHT corrosive (sour gas) environments?
o Were the computational methods and research design clearly defined, accurate, and
appropriate for this material testing method?
o Were the material testing methodology and underlying assumptions clearly defined,
accurate, and appropriate?

Dr. Trillo commented that the FCGR testing was appropriately designed. Dr. Trillo stated that
the sample fabrication had allowed for measurement in both the upper and lower clad layers,
which would allow a distinction between the two clad layers. Dr. Trillo noted that the test
laboratory obtained calibration frequency scans, which would be a normal test protocol.

Dr. Hawk noted that although the TAP 766 study provided good information for FCGR testing, it
was only a start. Dr. Hawk emphasized that the report needed more photographs for the FCGR
test results. Dr. Hawk stated that typically besides obtaining the FCGR, it is important to know if
a failure would be catastrophic.
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Dr. Hawk observed that not many laboratories are set up to perform FCGR testing. Dr. Hawk
mentioned that hydrogen sulfide destroys electronic equipment, so good secondary containment
is necessary. Dr. Hawk stated it is difficult to perform an FCGR test in a pressure barrel.

Dr. Trillo commented that the test results showed an increase in FCGR with decreasing test
frequency. In addition, the FCGR was an order of magnitude higher on the lower clad layer. Dr.
Trillo commented that the conclusion would be that cracking would accelerate in the inner clad
layer once it started from the outer clad layer.

Dr. Trillo stated that the TAP 766 researchers did not get as much FCGR data as they would
have liked. Dr. Trillo noted the additional FCGR testing conducted was based on a frequency
that would allow testing in a realistic time frame, but still showed a trend.

Dr. Trillo also commented that other researchers will follow the TAP 766 study to obtain more
FCGR data. Dr. Trillo emphasized that it will be important to make comparisons of the TAP 766
study results for FCGR testing after similar research is conducted by others.

Dr. Hawk commented that it was a good approach to perform FCGR testing in both of the
cladding layers and that this approach was able to initiate cracks in both cladding layers. Dr.
Hawk stated that the FCGR results were a good start in providing information about cladding on
steel plates, and anticipated that the TAP 766 study results can be supplemented later to expand
the Fatigue and Fracture Database.

Dr. Hawk expressed concerns that the conclusions that can be drawn from the FCGR testing
results did not come through clearly in the report; however, Dr. Hawk observed those
conclusions were more apparent by reviewing the MS Excel tables. Dr. Hawk questioned why
the narrative report did not include that additional FCGR testing data, at least some of which was
available. Dr. Hawk suggested that including this additional FCGR testing data would increase
the utility of the report.

Dr. Rebak had no additional comments about the FCGR testing.

Mr. Badrak commented that the test design for determining FCGR in each weld overlay layer
was good, and experimentally the FCGR testing was good. Mr. Badrak expressed concerns;
however, that the TAP 766 study overlooked some factors. Mr. Badrak commented that the
report did not discuss other factors that influence FCGR, such as welding differences, specimen
geometry, and notch geometry. Mr. Badrak also expressed concerns about the unknown effects
of the residual stress from additive manufacturing used to construct the test specimen.
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Group Discussion: Background on uses of FCGR mathematical models for independent
laboratory testing (e.g., design evaluation, life assessment, failure analysis)

Dr. Trillo provided background information about uses of FCGR mathematical models for
independent laboratory testing, followed by a group discussion. All reviewers agreed that fatigue
testing experts are familiar with the Paris Law and Walker equation. Dr. Trillo noted that most
FCGR data are for ambient air; there is not much FCGR data for HPHT environments. Mr.
Badrak commented that the Walker equation allows for prediction of fatigue, but only if enough
data exists. Dr. Trillo stated that the final TAP 766 report had specifically noted that data
collected during FCGR testing was only a first step. Dr. Trillo explained that FCGR models can
allow experts to say, for example, when inspections are needed.

Charge Question 9: Do the FCGR material modeling results (Section 6.6) describe with
reasonable accuracy the basis for decisions in the two mathematical models used:
e Were the assumptions clearly defined, accurate, and appropriate for the methods of
modeling used for this study?
o Were the limitations and uncertainties clearly identified and adequately characterized for
the methods of modeling selected?
¢ Did the report identify and adequately address the strengths or weakness of the analytical
methods used for modeling?
Provide an explanation for your answers for each model used:
1) Paris Law FCGR Material Models
2) Walker Equation FCGR Material Model

Dr. Hawk commented that there was enough information to use the Paris Law equation, but not
enough information for the Walker equation. Dr. Hawk observed that this effort to use the
Walker equation in the TAP 766 study might be considered “a screening operation.” Dr. Hawk
pointed out that the report clearly stated that da/dN versus AK must be available at multiple
values of R to use the Walker equation and that this condition was not met for either of the clad
layers.

There was discussion among the peer reviewers about FCGR testing and the values needed for
the Walker equation. Mr. Badrak added that fitting the Walker equation requires data from at
least two sets of R values. Mr. Badrak also stated that the Walker equation is only valid in either
the tension or compression regions, not both.

Mr. Badrak commented that although this effort was “a step in the right direction,” there was not
enough data to use the Walker equation. Mr. Badrak emphasized that the Walker equation relies
upon material dependent variables that were not determined in the TAP 766 study’s FCGR test
program. Mr. Badrak commented that the TAP 766 researchers made assumptions from literature
data for Inconel 718 alloy that were not necessarily correct; however, the report clearly stated
that using an assumption for the p value of Inconel 625 cladding in the Walker equation would
allow a first approximation [emphasis from report] to the Walker equation for the Inconel 625
cladding. Mr. Badrak commented that the Walker equation was appropriate, but because
insufficient data was available to use the Walker equation it was necessary to pull other data
from a reference source. Mr. Badrak acknowledged making such assumptions from a reference
source was “all they could do” and a reasonable approach for making an initial approximation.
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Dr. Trillo observed that the TAP 766 researchers used an approach to start with the simplest
FCGR model and then add on. Dr. Trillo agreed with that incremental approach, but emphasized
that the TAP 766 study did not have enough FCGR data. Dr. Trillo commented that the FCGR
material modeling results were presented well and clearly described the basis for how the FCGR
models were used in the TAP 766 study.

Dr. Trillo explained that the Paris Law is a well utilized equation to relate the stress intensity
factor range to sub-critical crack growth. Dr. Trillo stated that using the Paris Law is appropriate
to obtain a well understood and quick relationship regarding the FCGR behavior of materials. Dr.
Trillo commented that the Paris Law is the most appropriate first-pass model to describe
cracking behavior. Dr. Trillo commended the TAP 766 researchers for following a statistical
method by Schneider and Maddox, which Dr. Trillo stated is well utilized in the literature and
thus was appropriate to use with the TAP 766 study results.

Dr. Trillo noted that the Walker equation allows for including material dependent values. Dr.
Trillo explained that the Walker equation adds complexity and allows for FCGR modeling of the
material in a more definitive way. Dr. Trillo commented that the TAP 766 study used values
from the literature for the Walker equation that fit well with the TAP 766 study’s FCGR data.

Mr. Badrak added that conducting FCGR testing in an HPHT environment is expensive. Because
the environment is probably the single most important variable affecting FCGR, Mr. Badrak was
unsure about the predictive validity of FCGR tests conducted for HPHT environments unless the
test environment conditions were sufficiently aggressive for the overlay.

Dr. Rebak had no additional comments, but observed that it seemed the approach was a good
start.

Ms. Doll, who had talked with the BSEE COR earlier on Day-2 regarding Mr. Badrak’s request
for more information about expected applications for Inconel 625 cladded material for equipment
in offshore HPHT environments, put Mr. Russell Hoshman on the speakerphone to provide this
additional background information. Mr. Hoshman is Technical Advisor for Regional Field
Operations at BSEE’s Gulf of Mexico Regional Office (New Orleans). Mr. Hoshman explained
that in 2012 there were issues with equipment failures in an HPHT sour-gas environment after
relatively few cycles. Industry practice is to clad metal when placing equipment in service in a
sour-gas environment. BSEE practice is to determine that when a crack appears, “you’re done”
with that equipment. Mr. Hoshman emphasized that BSEE considered any type of pressure-
containing or pressure-controlling equipment, especially such equipment that has a complex
geometry, as the expected applications for Inconel 625 cladded material for equipment in HPHT
sour-gas environments. In addition, Mr. Hoshman mentioned that weld cladding was one method
to prevent stress corrosion cracking and explained that the TAP 766 study was designed to
evaluate fatigue and fracture behavior for weld cladded CRAs in an HPHT sour-gas
environment. Mr. Hoshman explained that examples of relevant applications include subsea
trees, valves, manifolds, blowout preventers (BOPs), intervention well control equipment, and
possibly subsea wellheads.

EnDyna, Inc. 23



U.S. Department of the Interior/Bureau of Safety and Environmental Enforcement (DOI/BSEE)
Contract Number BPA E14PA00008 / Task Order 140E0118F0132
PEER REVIEW SUMMARY REPORT, VOLUME 2: PANEL MEETING - FINAL

Charge Question 10: Were the conclusions based on the TAP 766 study findings in the
report (Section 8) logical and appropriate based on the material testing and FCGR
material modeling results? Were the other conclusions related to the material testing
appropriate? Provide an explanation for your answers.

Dr. Rebak commented that the conclusions in Section 8 mostly reflected the findings in the
report, but expressed concerns that those conclusions were presented in a disorganized manner.
Dr. Rebak commended the TAP 766 researchers for conducting a lot of work for the available
budget and schedule. Dr. Rebak mentioned that although the TAP 766 researchers claimed that
the data in this report was only a start, there was no discussion about whether similar materials in
upstream oil and gas have been evaluated using the material testing techniques used in the TAP
766 study. As an example, Dr. Rebak commented that Conclusion #4 about the results of slow-
strain-rate tensile tests could have been correlated to MR0O175 / ISO 15156.

Dr. Rebak expressed concerns about whether the chemical composition for the cladding layers
was reported correctly. Dr. Rebak stated that Conclusion #6 suggested that the higher crack
propagation in the first layer was due to higher iron dilution; however, Dr. Rebak noted that
Figure 6 showed little difference in iron content between the two layers of the cladding.

Dr. Hawk commented that the conclusions in Section 8 were reasonable and supported by the
material testing results; however, also noted that more research would be better. Dr. Hawk
commented that research for the TAP 766 study introduced a different nature of cladded test
specimen to previous materials research focused on steel and nickel superalloy. Dr. Hawk noted
that the complicating nature of a clad surface and its performance in sour-gas conditions revealed
interesting results that need further investigation. Different cladding materials and cladding
processes, if not manufactured properly, could potentially lead to catastrophic and unpredictable
failures. Dr. Hawk noted that service in sour-gas conditions is not usually evaluated for these
composite systems. Dr. Hawk again emphasized that the TAP 766 study evaluated only one
specific “alloy/cladding” heat (sample set) through conducting material testing only for Inconel
625.

Dr. Hawk also commented that Conclusion #6 was puzzling with respect to iron dilution. Dr.
Hawk stated that more data points and/or additional information were needed to explain why the
iron content was so high even in the second layer. Dr. Hawk observed that the explanation of
high iron content values was not necessarily supported in the report. Dr. Hawk also observed that
Conclusion #3 was not necessarily supported with respect to iron dilution.

Mr. Badrak had no problems overall with the conclusions in Section 8, but expressed concerns
that those conclusions had limited applicability because of the benign conditions selected for the
material testing and the limited data sets. Mr. Badrak liked that the material testing approach
involved evaluating each cladding layer separately. Mr. Badrak commented that the TAP 766
researchers should have done additional measurement for residual stresses typically associated
with additive manufacturing and also should have used more severe test conditions and
conducted more validation of material test results.

Dr. Trillo commented that the conclusions in Section 8 were logical based on the material testing
results and evaluations that were presented in the results sections of the final TAP 766 report. Dr.
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Trillo stated that the conclusions mostly followed the data and related evidence for each of the
separate material tests performed in the TAP 766 study. Dr. Trillo stated that more iron
measurements and more material test data would be necessary to support Conclusion #6. Dr.
Trillo expressed concerns that Conclusion #8, which described the reduction in area and time to
failure scatter, was not presented in the slow-strain-rate results section (Section 6.2). Dr. Trillo
noted that it would be useful to add the scatter data to the report.

Charge Question 11: Were the recommendations (Section 9, Appendix A) logical,
appropriate, and supported by the conclusions of the material testing results, empirical
analysis, and FCGR material modeling results? The scope of the recommendations pertains
to all recommendations, not just those derived from the FCGR material modeling results.
Provide an explanation for your answers.

Mr. Badrak supported the first four recommendations in Section 9 and the need for additional
research. Mr. Badrak commented that Recommendation #5 was insufficiently supported by the
TAP 766 study results. More specifically, Mr. Badrak stated that: 1) for the Inconel 625 cladding
with process and test conditions used in the TAP 766 study, the statement in Recommendation
#5 was correct in that the peak cyclic stress must be near the yield strength; and 2) the necessary
peak stress levels for other materials, weld processes, and environmental conditions was not
proven. In addition, Mr. Badrak mentioned that research on cathodic charging as well as
galvanically induced hydrogen stress cracking will also eventually be needed.

With respect to Appendix A, Mr. Badrak commented about the importance of conducting
replicate tests for each varied test condition.

Dr. Trillo agreed with the recommendations in Section 9 and commented that there are good
ways to follow up on the material tests conducted in the TAP 766 study. Dr. Trillo noted that one
good way would be to conduct additional testing from other cladding material vendors to ensure
that the Inconel 625 clad microstructures that were tested in the TAP 766 study actually
represented the industry methods for Inconel 625 cladding. Dr. Trillo stated that such additional
testing would increase understanding of the impact of variability among industry cladding
practices on microstructure, which may impact the stress corrosion cracking, fracture and fatigue
results. Dr. Trillo also supported the recommendation to research the cracking behavior of new
cladding materials. Because it was clear that additional FCGR data would be necessary to use the
more involved NASGRO equation, Dr. Trillo stated that was an appropriate recommendation.

With respect to Appendix A, Dr. Trillo stated that conducting replicate tests was a good
recommendation.

Dr. Hawk supported Recommendations #1, #2, and #3 in Section 9, and emphasized again that
more data and information is always better. Dr. Hawk suggested adding scanning electron
microscopy (SEM) work on fracture surfaces for all failure samples.

Dr. Hawk commented that Recommendations #4 and #5 were valid and should involve obtaining

information from industry for the research design. Dr. Hawk suggested that Recommendation #4
would need some direct industry guidance as to ranking appropriate cladding systems and that
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Recommendation #5 would need industry input on stress levels for cladding material systems as
well as other component information to establish a testing variable range.

Dr. Rebak commented that the recommendations in Section 9 were valid, and emphasized again
that providing more context through comparison with literature data for other CRAs is important
to identify data and information gaps for research design. Dr. Rebak also wanted to see more
research about lower temperature or near ambient temperature conditions where most hydrogen
effects on materials occur (e.g., hydrogen embrittlement).

Charge Question 12: Are there any additional study findings or conclusions that could be
drawn from the material testing and FCGR material modeling results? Provide an
explanation for your answers.

Dr. Trillo stated that with this research focused on cladding materials, testing at room
temperature and hydrogen testing was the next logical step. Dr. Trillo also suggested conducting
material testing for 90 days on static testing and testing at a slower strain rate (1 x 10®/sec) for
slow-strain-rate tests. Dr. Trillo commented that the TAP 766 researchers could have also made a
comparison between the slow-strain-rate and fatigue testing, which used the same sample
configuration. Dr. Trillo noted that dynamic stresses were used to evaluate fracture behavior in
both of those test methods.

Dr. Trillo also commented that another potential evaluation that could be conducted from the
TAP 766 study is the effect that stressing has on fracture toughness and FCGR that allowed for
observing an HPHT sour-gas environmental effect, but not observing that environmental effect
on the slow-strain-rate testing. Dr. Trillo noted it was possible that the slow-strain-rate testing
was not performed at a slow enough rate to observe an environmental effect, even though both
the inner and outer clad layers were represented in the slow-strain-rate specimen geometry.

Dr. Rebak concurred with Dr. Trillo about testing at room temperature and hydrogen testing as
the next logical step. Dr. Rebak suggested using a larger temperature range, from 350°F and
maybe higher down to ambient temperature. Dr. Rebak also suggested evaluating different weld
overlay deposition methods and expanding the research to evaluate hydrogen effects. Dr. Rebak
commented that each test must be replicated at least two times and also suggested perhaps
engaging another testing laboratory for replicating tests.

Dr. Hawk concurred with the previous suggestions by Dr. Trillo and Dr. Rebak, but also
suggested using more R values (e.g., at least 2-3) to expand FCGR modeling options, using a
different notch configuration for the test specimen, and considering a test environment using a
higher temperature (e.g., 500°F). Dr. Hawk noted that usually when performing research of this
nature, the key findings are not information learned from the research, but the gaps in
information discovered when trying to apply the information developed during the course of the
research project.

Mr. Badrak commented about a range of additional points regarding the research in the TAP 776
study:
e Researching hydrogen embrittlement is important because sacrificial anodes generate
nascent (or atomic) hydrogen; hydrogen sulfide is not always necessary to have a source
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of hydrogen. Atomic hydrogen is so small that it can penetrate directly into the metal
causing hydrogen embrittlement.

e Testing the variability among cladding materials is important, although industry uses only
a few types of materials for cladding.

e Conducting the slow-strain-rate test at a slower rate — specifically using 1 x 10° (four
times slower than 4 x 10°°).

e Conducting material testing at higher temperatures is also important if researchers want
to realistically test the Alloy 625 overlay and make predictions on performance.

e Obtaining more data will be necessary from at least two (2) and preferably three (3) R
values. More R values will be necessary to develop any FCGR models.

Mr. Badrak noted that it seemed there was not much disagreement among the peer reviewers
about the final TAP 766 report. Mr. Badrak suggested that BSEE might find it useful to get
subject matter experts involved prior to conducting a research study to help ensure more useful
results.
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3. AGENDA FOR PANEL MEETING

The agenda developed by EnDyna for the peer review panel meeting is presented below.

AGENDA: PEER REVIEW PANEL MEETING

TAP 766: Characterizing the Behavior of Inconel Clad A387 Steel in High Pressure-High Temperature, Corrosive
Environments — Material Models for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report

Tuesday, March 5, 2019

8:30am Arrive at EnDyna office

8:45-9:15am Welcome and Introductions; Review of Agenda/Process for 2-day Panel Meeting

(30 mins) Amy Doll and Ken Rock, EnDyna

9:15-9:30am Background on TAP 766 Study: Amy Doll, EnDyna, Peer Review Lead

(15 mins)

9:30-10:00am General Impressions: Provide overall impressions addressing the accuracy of information presented,
(30 mins) clarity of presentation, and soundness of conclusions.

(each reviewer will present a high-level summary using around 5 minutes)

10:00-10:15am

BREAK

10:15-10:45am
(30 mins)

Charge Question 1: Were the objectives of the study clearly defined (Section 1)? If not, what are your
recommendations for improving the description of this study’s objectives?

10:45-11:00am
(15 mins)

Group Discussion: Background on ANSI/NACE MR0175 / ISO 15156
Discussion Leaders: Bob Badrak and Ken Rock

11:00-11:45pm
(45 mins)

Charge Question 2: Were the analyses used for the pre-tested metallurgical analysis (Section 3)
appropriately designed, clearly described, and adequately characterized? Were there any apparent
strengths, weaknesses, omissions, or errors? Provide an explanation for your answers.

11:45-1:00pm

LUNCH (on your own)

1:00-1:45pm
(45 mins)

Charge Question 3: Were the analytical methods used for the Engineering Stress-Strain Tensile Testing
(Sections 4.1, 5, and 6.1) appropriately designed, clearly described, and adequately characterized? Were
there any apparent strengths, weaknesses, omissions, or errors? Provide an explanation for your answers.
¢ Were the test objects selected for analysis valid test objects to evaluate the material properties?
¢ Were the assessments of engineering safety factors for the cited methods/standards (Table 4) valid for
the expected applications in HPHT corrosive (sour gas) environments?
¢ Were the computational methods and research design clearly defined, accurate, and appropriate for
this material testing method?
¢ Were the material testing methodology and underlying assumptions clearly defined, accurate, and
appropriate?

1:45-2:00pm
(15 mins)

Group Discussion: Background on uses of screening tools/techniques (e.g., SSRT)
Discussion Leaders: Raul Rebak and Ken Rock
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AGENDA: PEER REVIEW PANEL MEETING
TAP 766: Characterizing the Behavior of Inconel Clad A387 Steel in High Pressure-High Temperature, Corrosive
Environments — Material Models for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report

Tuesday, March 5, 2019

2:00-2:45pm Charge Question 4: Were the analytical methods used for the Slow-Strain-Rate Tensile Testing (Sections
(45 mins) 4.2, 5, and 6.2) appropriately designed, clearly described, and adequately characterized? Were there any
apparent strengths, weaknesses, omissions, or errors? Provide an explanation for your answers.
e Were the test objects selected for analysis valid test objects to evaluate the material properties?
¢ Were the assessments of engineering safety factors for the cited methods/standards (Table 4) valid for
the expected applications in HPHT corrosive (sour gas) environments?
¢ Were the computational methods and research design clearly defined, accurate, and appropriate for
this material testing method?
¢ Were the material testing methodology and underlying assumptions clearly defined, accurate, and
appropriate?

2:45-3:00pm BREAK
3:00-3:45pm Charge Question 5: Were the analytical methods used for the Bent Beam Stress Corrosion Cracking
(45 mins) (SCC) Testing (Sections 4.3, 5, and 6.3) appropriately designed, clearly described, and adequately

characterized? Were there any apparent strengths, weaknesses, omissions, or errors? Provide an
explanation for your answers.
e Were the test objects selected for analysis valid test objects to evaluate the material properties?
e Were the assessments of engineering safety factors for the cited methods/standards (Table 4) valid for
the expected applications in HPHT corrosive (sour gas) environments?
¢ Were the computational methods and research design clearly defined, accurate, and appropriate for
this material testing method?
¢ Were the material testing methodology and underlying assumptions clearly defined, accurate, and
appropriate?

3:45-4:00pm BREAK (also opportunity for introduction to Fatigue and Fracture Database; Section 7)
4:00-4:45pm Charge Question 6: Were the analytical methods used for the Fracture Toughness Testing (Sections 4.4,
(45 mins) 5, and 6.4) appropriately designed, clearly described, and adequately characterized? Were there any

apparent strengths, weaknesses, omissions, or errors? Provide an explanation for your answers.

¢ Were the test objects selected for analysis valid test objects to evaluate the material properties?

¢ Were the assessments of engineering safety factors for the cited methods/standards (Table 4) valid for
the expected applications in HPHT corrosive (sour gas) environments?

¢ Were the computational methods and research design clearly defined, accurate, and appropriate for
this material testing method?

¢ Were the material testing methodology and underlying assumptions clearly defined, accurate, and
appropriate?

4:45-5:00pm Conclusion and Preparation for Day-2: Amy Doll and Ken Rock, EnDyna
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AGENDA: PEER REVIEW PANEL MEETING

TAP 766: Characterizing the Behavior of Inconel Clad A387 Steel in High Pressure-High Temperature, Corrosive
Environments — Material Models for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report

Wednesday, March 6, 2019

8:30am Arrive at EnDyna office
8:30-8:45am Review of Agenda for Day-2: Amy Doll and Ken Rock, EnDyna
8:45-9:30am Charge Question 7: Were the analytical methods used for the Fatigue Testing (Sections 4.5, 5, and
(45 mins) 6.5) appropriately designed, clearly described, and adequately characterized? Were there any apparent
strengths, weaknesses, omissions, or errors? Provide an explanation for your answers.
e Were the test objects selected for analysis valid test objects to evaluate the material properties?
e Were the assessments of engineering safety factors for the cited methods/standards (Table 4) valid
for the expected applications in HPHT corrosive (sour gas) environments?
¢ Were the computational methods and research design clearly defined, accurate, and appropriate for
this material testing method?
¢ Were the material testing methodology and underlying assumptions clearly defined, accurate, and
appropriate?
9:30-9:45am Group Discussion: Background on scientific/technical challenges related to FCGR testing
(15 mins) Discussion Leaders: Jeff Hawk and Ken Rock
9:45-10:30am Charge Question 8: Were the analytical methods used for the Fatigue Crack Growth Rate (FCGR)
(45 mins) Testing (Sections 4.6, 5, and 6.6) appropriately designed, clearly described, and adequately

characterized? Were there any apparent strengths, weaknesses, omissions, or errors? Provide an
explanation for your answers.
¢ Were the test objects selected for analysis valid test objects to evaluate the material properties?
¢ Were the assessments of engineering safety factors for the cited methods/standards (Table 4) valid
for the expected applications in HPHT corrosive (sour gas) environments?
¢ Were the computational methods and research design clearly defined, accurate, and appropriate for
this material testing method?
¢ Were the material testing methodology and underlying assumptions clearly defined, accurate, and
appropriate?

10:30-10:45am

BREAK (also opportunity to review Fatigue and Fracture Database; Section 7)

10:45-11:00am
(15 mins)

Group Discussion: Background on uses of FCGR mathematical models for independent
laboratory testing (e.g., design evaluation, life assessment, failure analysis)
Discussion Leaders: Elizabeth Trillo and Ken Rock

11:00-11:45pm
(45 mins)

Charge Question 9: Do the FCGR material modeling results (Section 6.6) describe with reasonable
accuracy the basis for decisions in the two mathematical models used:
e Were the assumptions clearly defined, accurate, and appropriate for the methods of modeling used
for this study?
¢ Were the limitations and uncertainties clearly identified and adequately characterized for the
methods of modeling selected?
¢ Did the report identify and adequately address the strengths or weakness of the analytical methods
used for modeling?
Provide an explanation for your answers for each model used:
1) Paris Law FCGR Material Models
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AGENDA: PEER REVIEW PANEL MEETING

TAP 766: Characterizing the Behavior of Inconel Clad A387 Steel in High Pressure-High Temperature, Corrosive
Environments — Material Models for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report

Wednesday, March 6, 2019

2) Walker Equation FCGR Material Model

11:45-1:00pm LUNCH (on your own)

1:00-1:45pm Charge Question 10: Were the conclusions based on the TAP 766 study findings in the report (Section

(45 mins) 8) logical and appropriate based on the material testing and FCGR material modeling results? Were the
other conclusions related to the material testing appropriate? Provide an explanation for your answers.

1:45-2:00pm BREAK (also opportunity to review Fatigue and Fracture Database; Section 7)

2:00-2:45pm Charge Question 11: Were the recommendations (Section 9, Appendix A) logical, appropriate, and

(45 mins) supported by the conclusions of the material testing results, empirical analysis, and FCGR material
modeling results? The scope of the recommendations pertains to all recommendations, not just those
derived from the FCGR material modeling results. Provide an explanation for your answers.

2:45-3:00pm BREAK (also opportunity to review Fatigue and Fracture Database; Section 7)

3:00-3:45pm Charge Question 12: Are there any additional study findings or conclusions that could be drawn from

(45 mins) the material testing and FCGR material modeling results? Provide an explanation for your answers.

3:45-4:00pm Conclusion: Amy Doll and Ken Rock, EnDyna

Attendees:

Ms. Amy Doll, EnDyna, Peer e Robert (Bob) Badrak, PE, FNACE, FASM,
Review Lead Expert Peer Reviewer

Mr. Ken Rock, EnDyna, o Jeffrey (Jeff) Hawk, PhD, FASM, Expert
Facilitator Peer Reviewer

e Raul Rebak, PhD, FNACE, FASM, Expert
Peer Reviewer

e Elizabeth Trillo, PhD, Expert Peer
Reviewer

Peer Review Panel Meeting “Ground Rules”

e An external peer review is intended to solicit individual reviewer feedback, to increase the
independence of the peer review process.

e The panel is not asked to, and should not attempt to, form consensus or collective
recommendations, ratings, or opinions, and panel reviewers must understand that they should
provide individual feedback on the research product.

e Any BSEE staff that may attend the panel meeting can only provide background information on
the research product to the peer reviewers, which can occur only during the panel meeting run
by EnDyna, and at EnDyna’s request.
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e The panel meeting will not include discussion related to BSEE policies and decisions or current or
proposed BSEE regulations.

Peer Review Objective and Scope
[Excerpts from BSEE TO#12 Charge Document]

The objective of this panel-style peer review is for BSEE to receive comments from individual experts on
the final report of the BSEE study entitled, TAP 766: Characterizing the Behavior of Inconel Clad A387
Steel (ASTM A387 Grade F22, Class 2) in High Pressure-High Temperature, Corrosive Environments —
Material Models for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report (April 30,
2018). This panel-style peer review is scientific and technical in nature, reviewing the methods,
assumptions, data quality, the strengths of any inferences made, and the overall strengths and
limitations of the study.

BSEE Charge for the Scope of this Peer Review

BSEE has carefully defined the scope of this peer review for the final report of the BSEE study entitled,
TAP 766: Characterizing the Behavior of Inconel Clad A387 Steel (ASTM A387 Grade F22, Class 2) in High
Pressure-High Temperature, Corrosive Environments — Material Models for Fatigue and Fracture
Properties of Inconel 625 Cladding—Final Report (April 30, 2018), in order to focus the peer review
process effectively on BSEE's Charge Questions. Your written comments should stay within the BSEE
Scope defined below. It is important to remember that this panel-style peer review is scientific and
technical in nature, reviewing the methods, assumptions, data quality, the strengths of any inferences
made, and the overall strengths and limitations of the study.

The scope of this peer review is focused only on the scientific and technical merit of the assumptions,
inputs, methodologies, modeling, and results for the BSEE study entitled, TAP 766: Characterizing the
Behavior of Inconel Clad A387 Steel (ASTM A387 Grade F22, Class 2) in High Pressure-High
Temperature, Corrosive Environments — Material Models for Fatigue and Fracture Properties of
Inconel 625 Cladding—Final Report (April 30, 2018). This peer review is scientific and technical in
nature and includes reviewing the methods, assumptions, data quality, the strengths of any
inferences made, and the overall strengths and limitations of the study. The scope of the peer review
includes the material, fabrication, computations, testing, engineering factors, modeling, results, and
final recommendations generated from the TAP 766 study. As such, the peer reviewers should focus
on providing comments on the scientific and technical merit of the TAP 766 study. Because this peer
review is scientific and technical in nature, BSEE is not interested in comments focusing on editorial
style.

The following are considered Out-Of-Scope for this peer review; any and all Qut-Of-Scope comments
will not be considered by BSEE during this peer review process:

e BSEE is not interested in general comments related to high-pressure high-temperature (HPHT)
equipment or environments, because: 1) this peer review is focused only on the methods and
approach for testing in a sour-gas environment under HPHT conditions that were used in the
TAP 766 study referenced above, and 2) this peer review is focused on the standards that were
used in the TAP 766 study referenced above (see Tables 3 and 4 in final TAP 766 report).

e BSEE is not interested in comments on, or suggestions for, alternative fatigue and fracture
testing methods, except for comments on any omissions or errors identified in the specific
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material testing methods used for testing in a sour-gas environment under HPHT conditions in
the TAP 766 study referenced above, because this peer review is focused on the research
already completed for this TAP 766 study.

BSEE is not interested in comments about APl RP 17TR8 because BSEE has already completed a
peer review for a previous BSEE study evaluating methods recommended by API RP 17TRS.
Comments about APl RP 17TR8 will not be considered during this peer review.

This peer review is scientific and technical in nature, and does not extend to BSEE policies or
BSEE regulations. Comments related to BSEE policies and decisions or to current or proposed
BSEE regulations will not be considered.
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4. BSEE’s WRITTEN RESPONSES TO PEER REVIEWER QUESTIONS

To facilitate obtaining as much information as possible prior to the peer review panel meeting,
EnDyna’s Peer Review Lead compiled/paraphrased EnDyna’s and the peer reviewers’ initial
questions about the final TAP 766 report. EnDyna provided BSEE a list of the peer reviewer
questions on December 5, 2018. EnDyna requested that BSEE provide responses to these peer
reviewer questions in writing so that EnDyna could distribute those written responses to the three
peer reviewers and one alternate peer reviewer in advance of the peer review panel meeting.
EnDyna received BSEE’s written responses on February 4, 2019 and reformatted to improve
readability. EnDyna distributed BSEE’s written responses to the peer reviewer questions to the
three peer reviewers and one alternate peer reviewer on February 14, 2019.

BSEE’s written responses to the peer reviewer questions are provided below.

TO#12: BSEE Responses to Peer Reviewer Questions
February 14, 2019

1) Could BSEE clarify the form (e.g., plate, rod) of the Inconel’ Alloy 625 used for the weld
overlay in the TAP 766 study and also clarify the condition of that source material:

1) As-Rolled condition,

2) Annealed condition, or

3) Solution-treated condition?
This is not clarified in the final TAP 766 report; however, the Reference [1] outlines in its Table 5
different Nominal Room-Temperature Mechanical Properties for Inconel® Alloy 625 based on
form and condition (see Table 5 in:
http://www.specialmetals.com/assets/smc/documents/alloys/inconel/inconel-alloy-625.pdf).

2) Could BSEE provide additional technical details about the weld cladding process for the
Inconel® 625 cladding used in the TAP 766 study?

BSEE RESPONSE TO #1 and #2 (Please see appendices below for detailed information):

Weld overlay

Inconel® 625 alloy

0.045-inch diameter wire (assume wire drawn.)

Required two passes to achieve desired minimum overlay thickness of 0.25 inch
Gas metal arc welded

Minimum preheat temperature = 400 °F

Maximum interpass temperature = 550 °F

Welded in flat position

Stringer beads
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190-210 amps

22-25 volts

28 in/min travel speed

350-450 in/min wire feed speed

Shielding gas: 100% argon

Post weld heat treatment: 1250 °F at 1.0 hour per inch of thickness; minimum of 0.25 hours.
As a welded product, the properties are expected to differ from those listed in Table 5 of the
referenced Special Metals Website.

3) Could BSEE provide more information about the decision to conduct all the TAP 766 material
testing experiments at 350°F (see Table 5 on page 4 in final TAP 766 report)?

Could BSEE clarify the rationale for the decision to conduct material testing at 350°F,
although HPHT was defined as > 350°F? Could BSEE clarify whether or not this might
mean that BSEE did not intend TAP 766 study results to be applicable to the realm of
HPHT above 350°F?

If the rationale for conducting material testing experiments at 350°F was related to BSEE
data on current or proposed HPHT projects in deep water, could BSEE provide a brief
high-level summary of any such relevant HPHT project information to provide context
for the decision to conduct material testing experiments at 350°F?

Could BSEE clarify the rationale for the decision (see pages 3-4 in final TAP 766 report)
about: With the acknowledgement of BSEE, testing at HPHT conditions was completed
under Level VI conditions as defined in ANSI/NACE MR0175/1SO 15156; the test
conditions are highlighted in Table 5: Physical Experimental Environmental Conditions.?

BSEE Response to #3:

The intent of the program was to evaluate the range of conditions on the edge of
temperature limits of interest and provide a framework with which to evaluate the
materials. It is not the intent of the program to generate data for every single possible
situation but to highlight the methodology that would be needed.

Currently there are no projects in deep water that are exposed to both HP and HT
conditions. All projects greater than 15,000 psia currently under review have
temperatures less than 350°F, and one project greater than 350°F but less than 15,000
psia. Generally the most current deep water HP projects require equipment designed
for 16,500 to 17, 500 psia. Temperature ranges for these projects are generally from
250°F to 350°F. This would be the shut-in tubing pressures at the sea floor and flowing
temperature at the sea floor. Maximum temperature and pressure are not in phase
except at the moment of shut-in.

The decision to conduct testing at Level VI of ANSI/NACE MR0175/1SO 15156 was based
on selecting conditions that were aggressive in terms of the partial pressure of acid
gases /pH and Chloride.
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4) Could BSEE clarify whether there was a formal hypothesis or an informal working hypothesis
related to selecting the mechanical property test limits for the following material testing
experiments, and, if so, provide a summary of any such related hypotheses:

Slow-Strain-Rate Tensile Testing (Sections 4.2, 5, and 6.2)

Bent Beam Stress Corrosion Cracking (SCC) Testing (Sections 4.3, 5, and 6.3)
Fracture Toughness Testing (Sections 4.4, 5, and 6.4)

Fatigue Testing (Sections 4.5, 5, and 6.5)

Fatigue Crack Growth Rate (FCGR) Testing (Sections 4.6, 5, and 6.6)

BSEE Response to #4:

The intent of the test conditions for SSR was based on the NACE TM0298.” The bent
beam tests were tested at 100% and higher similar to what is typically performed for
CRAs in sour service. Fracture toughness testing was performed at various slow K-rates
after which limited testing was performed at the appropriate K-rate. FCGR was
performed at a choice of Kmax that was expected with stress being close to YS and a
defect size that would be 50% of the thickness of the clad. This was assumed to be
conservative for the test program. The rationale for the SN data generated is discussed
in the text, the intent was to identify conditions where the cycle life was on the order of
a few thousands of cycles typical of the design life of HPHT components.

In the design of complex geometry HP equipment, there are areas on the inner surface
of the vessel where the stress exceeds yield for each HP cycle. APl Technical Report
17TR8 is used as guidance for HPHT equipment for oil field service. Generally,
equipment is designed using ASME Section VIII Div 2 or Div 3. Per APl 17TRS, if yielding
within the inner wall exceeds 5% of the thickness of the vessel, Elastic-Plastic Analysis
will be required. All designs must undergo fatigue screening per ASME Section VIII Div 2.
If it is determined that a fatigue assessment is required, this design analysis must be
performed. Very little public data is available that shows what effect a crack in the CRA
cladding has on the base metal; a crack that penetrates the cladding to the base metal.

" BSEE intends to clarify the accuracy of Section 6.2 that cites Reference [21]. In Section 10 of the final TAP 766
report Reference [21] is: NACE Standard TM0298, “Evaluating the Compatibility of FRP Pipe and Tubulars with
Oilfield Environments.”
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SECTION 4: APPENDICES

APPENDIX A: CERTIFICATION FOR SUBSTRATE PLATE
APPENDIX B: CLADDING STATEMENT OF WORK
APPENDIX C: WELD OVERLAY CERTIFICATION
APPENDIX D: HEAT TREATMENT REQUIREMENTS

APPENDIX E: HEAT TREATMENT CERTIFICATION
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Appendix A: Certification for Substrate Plate

02/ 16f 2016 EINGATE ALLOYS, INC,
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Appendix B: Cladding Statement of Work

Concurrent Technologies Corporation (CTC) will supply a steel plate (ASTM A387 Grade 22)
with approximate dimensions of 48 in x 22 in x 1.25 in. The vendor shall clad one face of the
steel plate with Inconel 625 alloy using the weld overlay process. The following scope of work
shall be performed to produce the weld overlay.

1. Fabrication welding and welders/welding operations should be qualified in accordance
with applicable internationally recognized standards such as ASME Section IX,
ANSI/NACE MR0175/ISO 15156, or equivalents.

Prepare and clean one (1) face of the steel plate for weld overlay deposition.

The overlay weld shall be made using Alloy 625 weld wire (ERNiCrMo-3).

Apply weld overlay over an area of 48 in x 20 in on the face of the steel plate.

The weld overlay must run in the longest direction of the steel plate.

The final weld overlay shall be near flat and must have a minimum thickness of 0.25

inches. The cladded plate shall not be machined.

7. Surface inspection of the weld overlay shall be conducted to detect surface imperfections
via penetrant inspection in accordance with applicable ASME or ASTM standards for
non-destructive inspection (NDI).

8. The steel plate with the un-machined weld overlay surface shall be sent to Juan J.
Valencia, CTC, 128 Industrial Park Road, Johnstown, PA 15904-1942. CTC will
complete final stress relief.

9. The process parameters used to create the weld overlay shall be provided with the
cladded plate.

oUW

SCHEDULE AND DELIVERABLES FOR CLAD PLATE

The manufacturing facility shall provide a sound un-machined weld overlay steel plate. Also,
both an electronic and hardcopy of the welding procedures, wire weld material certificates and
NDI results in accordance with the reporting requirements of the applicable specifications shall
be provided to CTC.
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Appendix C: Weld Overlay Certification

G ECH

Hi-Tech Weld Overlay Group, LLC
1695 SE Decker St
Lee's Summit, MO 64081

Welding Procedure Specification (WPS)

WPS No.: CRO F43-P5A H Rev. No.: 0 Page 1 of 2
Supporting PQR(s): _625-P5SA 2G

Welding Process(es) / Type(s): (1) GMAW / Seminul
Joint Design (QW-402)

Weld Type: Cormrosion resistant overlays
WELD JOINT DESCRIPTIONS SHOWN ARE NOT INCLUSIVE OF ALL THOSE FOUND ON A JOB. WELD JOINT DESIGN

REFERENCE IN AN ENGINEERING SPECIFICATION OR A DESIGN DRAWING SHALL TAKE PRECEDENCE OVER WELD
JOINTS SHOWN IN THIS WPS,

Dase Metals (QW-403)
P-No. S5A

Preheat (QW-406)
Minimum Preheat Temperature: -
Maximum Interpass Temperalure: 350 “F
Preheat Mai "-H Temperature sensing crayons
Heat pads or roscbud torch

Date: _10/4/2010

tiv snd Muachine

Thickness Range: 0.25 in. minimuimn

Postweld Heat Treatment (QW-407)

PWHT Type: PWHT below lower transtormation temperature
PWHT Temperature : 1250 _"F
PWHT Holding Time:

400 F

1.0) hr.fin., 0.25 hr. min.imum

Inirial and Interpass Cleaning: _With stainless steel brush clean area 1o be overlayed.
Method of Back Gouging: _Remove overlay defects by grinding only.

We certify that the statements in this record are correct and that the test welds were prepared, welded, and tested in accordance with the
requirements of Section IX of the ASME Code.

Accepted By:v,%’ M"é&

10/4/2010

Jeft Burkin Date

QC Manag

Hi-Tech Weld Overlay Group, LL.C
Welding Procedure Speciflication (WI*S)

Page Z of 2

WIS No.: CRO F43-PSA H Rev. No.: 0
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First Process: GMAW Types: d i ic and Machi
Filler Metal (QW-404)
Weld Deposit Li =D _ OIRTS in LLLLULLL .
AWS Classification: ERNICrMo-3 EIFA Specification: 5.14 . F-MNo: 43
A-No. or Ch ienl O I iti = MN/A
Filler Mewl Product Form: Bare (Solid)
Supplemental Filler Metal: _None o -
Position (QW-405) Technigue (OQW-410)
Pozition of Joint: Flat & Horizontal Stringer or Weave Bead: Stringer bead .
Woeld Progression: _ MNSA MNozzle / Gas Cup Siwe: 3/8" 1o 5/R"
Gas (QW-408) Oscillati None o
Shieldi 100% Argon / 41-54 CFH Peening: ~ Mone
Trailing: _ MNone ) - CIFH  Contact Tube to Wark 13§ 374" - 1™
Elcctrical Characteristics (QW-409) MNumber of Electrodes: 1
Current Type and Polarity: DCEP (reverse) Multiple or Single Layer(s): Multiple layer
Transfer Maode: _ Pulsating arc
Max. Hent Input, 1st Layer (Jin): 11315
Encrgy/Power Thermal Are Power Master .
First Process Welding Paramelers o
Layer(s) Current Wire Travel Speed
andfor Sizc Typec and Ampcrage Feed Speed Voltage Range
Pass(es) (in.) Polarity Range (in/min) Range {in/min)
L-n ERMICrMo-3 0.045 DCEP (reversc) 190-210 350-450 22-25 28
2-n ERNICrMo-3 045 DCEP (reverse) | 190-210 350-450 22.25 28
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——ETECH Hi-Tech Industrial Services, Inc.

1695 SE Decker St.
Lee’s Summit, Mo. 64081

Procedure Qualification Record (PQR)

PQR No.: 625-PSA2G Date: 10/1/2010 WPS No.: CRO F43-PSAH Page 1 of 2
Welding Process(es) / Type(s): (1) GMAW / Machine .

Joint Design (QW-402) Base Metals (QW-403)

Weld Type: Corrosion resistant overlay Specification Type and Grade:

SA-387, Grade 21, C1. 2
P-No. 5A  Group No. 1

Thickness (in.): 0.25
I'reheat (QW-406)
Minimum Preheat Temperature: 400 °F
2 i we: Tempe CLAYOINS
Maximum Interpass Temperature: 600 °F

Maintained preheat using heating pads.

PPostweld Heat Treatment (QW-407)

Type: _ PWHT performed below lower transformation temp.
PWHT Temperature: 1250 -1350 F
PWHT Holding Time: 0.25 hr.

Ambient to 200°F at a moderate rate, 200°F to 1250°F - 1350°F ata
rate not to exceed 133°F/hr. Hold 1250°F - 1350°F for .25 hours
minimum 1250°F - 1350°F to 400°F al a rate not lo excead 133F/hr
400°F to ambient cool in still air.

First Process: GMAW Type: Machine
Filler Metals (QW-404) Electrical Characteristics (Q'W-409)
AWS Classilicatuon: ERNiCrMo-3 _ Current Type and Polarity: ____DCEP (reversc)
SFA Specification: 5.14 F-No.: 43 Transfer Mode: Pulsating arc
A-No. or Chemical Composition: N/A Woelding Details
Filler Metal Trade Name: Inconel 625 Filler Metal Size (in.): 0.045 I 0.045 I -
Filler Mectal Product Form: Bare (Solid) Amperage Used: 200 I 205 I -
Supplemental Filler Metal: None Wire Feed Speed (in/min): 400 I 400 | -
Min Qualified "t' (in.): 0.1875 Voltage Used: 24 25 -
Positions (QW-405) Travel Speed (infmin): 28 | 2R I -
Position of Juint: 2G - Horizontal Muax. Heat Input, Lst Layer (Jin): L0286
Weld Progression: NIA Technigue (QW-410)
Gas (QW-408) Thermal Processes: No
Shielding: 100% Argan / 45 CFH  Stringer or Weave Bead: Strnger bead
Trailing: Mone / - CFH  Nozzle / Gas Cup Size: S/8"
Contact Tube to Work Distance: 34" -1
Oscillation: MNone
Number of Elecirodes: o 1
Multiple or Single Layer(s): Multiple layer
Hi-Tech Industrial Services, Inc.
Procedure Qualification Record (PQR)
POR No.: _625-I'5A 2G Page 2 of 2
Guided Bend Tests (QW-160)
Type and Figure No. Result Type and Figure Mo. Result
Perpend. per QW-453 Acceptabl Perpend. per QW-453 Acceptable
Perpend. per QW-453 Acceptable Perpend. per QW-453 Acceptable

Liguid Penctrant Test: _Satisfactory per QW 195.2

Macro- Examination Test: _MNone
Chemical Analysis: _C=0.03%, Cr=21.20%, Mo=8.71%, Ni=61.64%, Mn=0.05%, $i=0.04%, P<0.008%, $<0.005%, Fe=3.57%, AL=0.32%,
T1=0.31%, Nb=3.53%, Cu<0.01%, Co=<0.01%

Welder's Name: _Hubbard, Jason LD.: _Qf Stamp MNo.: _Q7
POR was done and welding of conpon was witnessed by: _Hi-Tech Industrial Services, Inc. I o
Test conducied by: _Sherry labs Lab Test No.: _10100059-002-v1

We certify that the statements in this record are correct and that the test welds were prepared, welded. and tested in accordance with the
requirements of Section 1X of the ASME Code.
Accepred By: '/"/";‘;é w 10/1/2010 QC Manager

Jefl Burkin Drane
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H-Tech Industrial Services Inc.
1695 SE Decker St.
Lee's Summit, Mo. 64081

N.D.E. V.T. REPORT

Customer Name: Concurrent Technologies Corporation
128 Industrial Park Road Johnstown PA, 15904

Job Number:

4018

Unit Number:

Unit 1D: Test Coupon

Examination Technique:

Light Intensity Measurement: (1000 lux min.)

Procedure Number:

VT-1, Rev 1

500 Watt Quartz Light

> 2500 lux at 24"

Identification of area examined:

48"x 20" overlayed plate after 1st pass of Inconel 625

Examination results ( location of rejected indications or area free from indications)

2 rejectable indications found and repaired after which no indications found

3/10/2016

0409-016

Le
Operator Bignature

Date
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N.D.E. D.P.T. REPORT

Hi-Tech Industrial Services, Inc.
1695 Decker Street
Lees Summit, MO 64081

Customer Name: Concurrent Technologies Corp Job Number: 4018
Unit Number:
Penetrate Type: Color Contrast Procedure Number: P.T.- DPT-1 Rev. 2
Brand Name: Spot Check Examination Technigque: Direct
Manufacturer : Magnaflux
Batch No.: Light Intensity Measurement: (100 f¢ min.) =100 fc

Identification of area examined:

48"x20" plate with a double pass of 825 inconel overlay

Examination results (location of rejected indications or area free from indications):

No rejectable indications noted at time of examination.

Comments:
f7¢-¢dr’\/ %‘g 3/14/2016  0409-016
‘@perafaf Signature Level Date CERT. #
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Appendix D: Heat Treatment Requirements

Stress Relief of Cladded Inconel 625 on ASTM A387 Grade 22 Steel Plate
Statement of Work
2016-03-14

SCOPE OF WORK

Concurrent Technologies Corporation (CTC) is requesting to conduct stress relief treatment of a
steel plate cladded with Inconel 625 alloy. The steel plate (ASTM A387 Grade 22) has
approximate dimensions of 48 in. x 22 in. x 1.25 in. and one face has the cladded a layer. The
Inconel 625 cladded layer has a thickness of approximately 0.3 in and it was produced by the
weld overlay process. The stress relief shall be conducted using the following parameters.

1. The stress relief of the plate shall be conducted in vacuum or in an inert atmosphere.

2. The furnace atmosphere shall be completely free of sulfur, sulfur compounds and other
contaminants such as carbon, phosphorous, lead, zinc and carbon containing compounds.
Prior to stress relieving the plate shall be free of oil, grease and other contaminants.

The plate shall be in a horizontal position with the cladding face up in the furnace.

No paint or ink markings shall be made on the cladded plate

The cladded plate shall be stress relieved at 1075 °F £ 25 °F and held for 4 (four) hours at

temperature.

The heating ramp up shall be at 100 °F per hour.

The cooling rate shall be equivalent to air cool to below 400 °F.

9. The stress relieved plate shall be properly crated and shipped to CTC at the following
address.

o0~ W

o N

128 Industrial Park Road
Johnstown, PA 15904-1942
Attention: Juan Valencia

SCHEDULE AND DELIVERABLES
The heat treating facility shall provide the cladded steel plate clean and damage free. Also, an
electronic and/or hardcopy of the thermal history during the stress relief process shall be
provided to CTC.
POINTS OF CONTACT
CTC technical point of contact information is provided below. The test facility shall identify
their technical POC upon award of purchase order.

Juan J. Valencia Michael Tims

Concurrent Technologies Corp. Concurrent Technologies Corp.
100 CTC Drive 100 CTC Drive

Johnstown, PA 15904-1935 Johnstown, PA 15904-1935
Phone/Fax: 814-269-2552 Phone/Fax: 814-269-2515
valencia@ctc.com tims@ctc.com
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Appendix E: Heat Treatment Certification

(\j'“"g] AR Solar Atmospheres of Western PA Order No.: 109330
S YT . . Date: 04/04/2016
AIMOSPHERES INC. Certlﬁcatlon Entry Date: 03/30/2016
To: Page: 1 of 1
CONCURRENT TEGH. CORP.
100 CTC DRIVE Purchase Order No.: 160300129
JOHNSTOWN, PA 15904-1935 Packing List No.:

1 Material: INCONEL 625
All work performed subject to Solar Atmospheres Terms Of Sale as presented on form TOS-SAWPI.

Quantity | Part Number / Part Name / Part Description | Pounds
1 MATERIAL INCONEL 625
CLADDED STEEL PLATE
REQ: VAL3211403 / 48" X 1.5" X 22'

Insp. Type Scale Minimum Maximum Number Other
Customer Requirements:

Visual

THIS IS TO CERTIFY THAT THE ABOVE LISTED PARTS WERE PROCESSED IN ACCORDANCE WITH YOUR PURCHASE ORDER
REQUIREMENTS AND SCOPE OF WORK 1.0 DATED 03/14/2016.

FURNACE RUN#: 70-9098-6004
RAMPED AT 100°F (MAX.) TO 1075°F +25°F

HELD AT 1075°F £25°F FOR 4 HOURS +10 / -0 MINUTES
ARGON COOLED

A
el b3

This certification is no guarantee of material performance, properties, or Jack Hardesly
microstructure. Mechanical, physical, and/or metallurgical testing is not

7 el Special Projects Coordinator /
erformed unless specifically itemized on your urchase order to Solar
e el aaal SOLAR ATMOSPHERES INC.,

The recording of False, Fictitious, or Fraudulent statements or entries on this document may be punished as a felony under
federal statutes including FEDERAL LAW. TITLE 18, CHAPTER 47,

30 Industrial Road  Hermitage PA 16148 Phone: 724-982-0660 Fax: 724-982-0593

EnDyna, Inc. 48



U.S. Department of the Interior/Bureau of Safety and Environmental Enforcement (DOI/BSEE)
Contract Number BPA E14PA00008 / Task Order 140E0118F0132
PEER REVIEW SUMMARY REPORT, VOLUME 2: PANEL MEETING - FINAL

22
oy

88
—
oo
w
2E
38
Sg
Z3
(=]

8719l vd abejwisH gy [BISNPY| OF Wd WaiSa J0 Sauaydsouny Jejos ‘0L-LH

L jo | sbed

4ot
Work TC-3 °F ”H
Work TC-2 °F
Work TC-1 °F
Control TIC °F
300 600 900 1200 1500 1800 2100

0

2400 2700 3000

04103116
00:00:00

'dd0D 'HO3L LNIFHHNINOD

04/03/16
04:00:00

04/03/1
08:00;

04/03/16
£11]12:00:00

04/03/16
16:00:00

04/03/16
20:00:00

G./8'60.05°€2 9L/EO0

$009-2606-0L

EnDyna, Inc. 49



U.S. Department of the Interior/Bureau of Safety and Environmental Enforcement (DOI/BSEE)
Contract Number BPA E14PA00008 / Task Order 140E0118F0132
PEER REVIEW SUMMARY REPORT, VOLUME 2: PANEL MEETING - FINAL

5. BACKGROUND PRESENTATION

This section provides EnDyna’s background presentation on the TAP 766 study, which was
discussed at the beginning of Day-1 of the peer review panel meeting.

Prior to the panel meeting, the BSEE COR (Mr. Mark Kozak) had reviewed and approved
EnDyna’s background presentation. EnDyna sent the background presentation to the peer
reviewers on February 28, 2019 for their review in advance of the panel meeting.

Background on BSEE study: TAP 766: Characterizing the Behavior of
Inconel Clad A387 Steel (ASTM A387 Grade F22, Class 2) in High

Pressure-High Temperature, Corrosive Environments — Material Models
for Fatigue and Fracture Properties of Inconel 625 Cladding—Final Report
(April 30,2018)

WENT OF 5
Q"Q"-;-—- L
éu _"ﬂ__-—-g\“‘-\_
i
=

Y
* Homs

_a BSEE

Bureau of Safety and
Environmental

2 (52 Enforcement
4£;CH 3. A%

Peer Review Panel Meeting

March 5-6, 2019 ENDvyNA

Peer Review Management
BPA E14PA0O0008 / ORDER 140E0118F0132 (Task Order 12)

EnDyna, Inc. 50



U.S. Department of the Interior/Bureau of Safety and Environmental Enforcement (DOI/BSEE)
Contract Number BPA E14PA00008 / Task Order 140E0118F0132
PEER REVIEW SUMMARY REPORT, VOLUME 2: PANEL MEETING - FINAL

= BSEE develops standards and regulations to
enhance operational safety and environmental
protection in connection with the exploration,
development, and production of offshore oil and
natural gas on the U.S. Outer Continental Shelf
(OCS)

= BSEE’s responsibilities include permitting,
inspections, development of offshore regulatory
policy, and development of training courses for
agency personnel

= BSEE's Technology Assessment Program (TAP)
supports research regarding operational safety and
environmental protection related to offshore oil and
natural gas exploration and development, and is an
important part of BSEE's safety program

2 Presented to March 56 2019 Peer Revizw Panel Meeting ENDvynA

TAP Program (continued)

BSEE's TAP Program:

= Qperates through contracts with
universities, private firms, and
government laboratories to
evaluate safety-related
technologies

= Nearly 900 research and
development projects, since its
inception

TAP was previously known as the Technology Assessment & Research Program

3 Presented to March 56 2019 Peer Review Panel Meeting ENDynNA
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TAP Program Objectives

BSEE’s TAP Program has four primary objectives:

»  Technical Support- Provides BSEE's decision makers with technical engineering supportas
they evaluate operational proposals fromindustry on a variety oftopics and related technical
issues. The Technical Support staff ensure these proposals comply with applicable regulations,
rules, operational guidelines, and standards.

* Technology Assessment- Investigates and assesses industry applications of technological
innovations and promotes the use of Best Available and Safest Technologies (BAST)in BSEE
regulations, rules, and operational guidelines.

* Research Catalyst- Promotes operational safety, pollution prevention, and supports
leadership in the fields of operational safety and envircnmental protection associated with
offshore energy development activities.

* |nternational Regulatory - Provides international cooperation for Researchand Development
initiatives, enhances the safety of offshare energy extraction activities and the development of
appropriate regulatory program elements worldwide.

These objectives are met through TAP's functional research activities, which focus on the

development of new concepts, operational procedures, and technologies to meet the physical and
economic challenges imposed by the operating environments associated with OCS oil and gas work.

4 Presented to March 5§ 2019 Peer Review Panel Meeting EN DYN A

Overview of TAP 766 Study

= |nitial Project Title:
Determination of Fracture/Fatigue-Fracture Behavior of
Equipment Constructed with Cladded Weld Materials

» Awardedin 2015 to Concurrent Technologies Corporation (CTC)
> Award value: $618,475

= Description:

» Define a general approachto, and begin to advance
development of, a useful modeling tool for analyzing failure
modes of cladded weld materials used in oil and gas operations
in high pressure (215,000 psi) and high temperature (2350°F)
(HPHT), corrosive environments (H2S, Cl, S, and CO2)

» Apply physical material testing with modeling to predict material
performancein a specified high pressure-hightemperature
(HPHT), corrosive environment From TAP 785 Study

5 Presented to March 56 2019 Peer Revizw Panel Meeting ENDyna
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TAP 766 Study Objectives

» Offshore oil and gas drilling and production operations are occasionally conducted in high-pressure
(215,000 psi) high-temperature (=350°F) (HPHT), and highly corrosive (H2S, Cl, S, and CO2)
conditions. These harsh environments pose operational challenges for equipment currently used by
the oil and gas industry.

The purpose of TAP 766 was to conduct physical
material testing and develop a modeling tool to predict
the component failure modes and define fatigue and
fracture behavior of a weld-overlay clad material in Clad: nickel-based alloy
HPHT, sour-gas environments. Inconel 625 (via weld overlay)

In addition, the TAP 766 study developed fatigue and
fatigue crack growth rate (FCGR)models (i.e.,
mathematical equations) suitable for numerical :
simulations. Such material models are often required for -
accurate hand calculations or numerical simulations of

equipmentto predict response during fatigue or fracture

events.

§ Presented to March 5§ 2019 Peer Review Panel Meeting ENDYNA

TAP 766 Project Team

= TAP 766 awarded to CTC, with Michael Tims as Principal
Investigator

= CTC selected DNV GL of Dublin, Qhio, as the test vendor
(based on an open solicitation) to complete material tests
under HPHT sour-gas conditions

» DNV GL had preexisting facility and experience in conducting
similar testsin desired testenvironment

» Al HPHT sour-gas material testing was conducted at DNV GL

= CTC machined the test specimens 3

= DNV GL and CTC completed selected metallurgical
analyses

= CTC completed development of material models and a
database of results

7 Presented to March 56 2019 Peer Revizw Panel Meeting ENDyNA
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The objective of the experimental work was to
measure the following fatigue and fracture
properties of nickel-based Inconel® 625, which
had been cladded to a steel alloy ASTM
International (ASTM) A387 Grade F22, Class 2
(A387) substrate plate:

= Stress corrosion cracking,
= Fracture toughness,
= Cyclic fatigue, and

= Fatigue crack growth rate (FCGR).

From TAP 766 Study

8 Presented to March 5§ 2019 Peer Review Panel Meeting EN DYNA

TAP 766: Mechanical Property Tests

Table 3: Completed Mechanical Property Tests

Mechanical | ASTM Number of Test
Property | Method Rational Specimens C:
Engineering 1)ctcm1.mc Yield Required to determine stress levels
5 oo | E21 [4] |and ultimate 1 S ‘
Stress-Strain ; : for evelic fatigue and other testing
tensile stresses
(Grenerate S-Ny Establish complete specimen
Cyclic E466 [5] lcurves to evaluate 20 failure by eyelic fatigue: 8 = peak
Fatigue g fatigue evelic stress; Ny=number of
performance leveles to failure
st E1820 ?ctcrxr:mc Jre 5 let:ahflsh..; dynaimlcl fr:cmfc
Toughness 161 racture ehavior: Ji, = plastic-elastic
- tough values fracture tougl
Fatigue e Establishes crack growth rate
Crack E647 [7] Det\e:inm: 'jmd“ 10 resulting from loading on material
Growth Rate ke with a given flaw
Evaluate the
fTects PHT 1 o] [
Slow Strain ;g:‘;h:”" HT £ 1:'5::1 ::P[—I'] Qualitatively measure rate of
oo [G129[8] s & .4+ [attack on cladding subjected to
Rate Tensile environment environment: 4 in 2
i " Z HPHT sour-gas environment
relative to testing air
in air
(Qualitatively
Stress levaluate the T =
Earriion G39 (9] [effects of 9 Three rcplu'm[;s. of cach of three
s 2 apparent yield load levels
Cracking lenvironment on
[erack propensity

(see Table 3 in Final TAP 766 Report)

g Presented to March 56 2019 Peer Revizw Panel Meeting ENDyNA
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S
’. TAP 766: Sour Test Environment/Corrosion

$ Specifications

ANSI (American National Standards Institute) and NACE (NACE International, formerly
known as Naticnal Association of Corrosion Engineers) Standards related to testing in
HPHT sour-gas environments:

= ANSI/NACE MR0175/1S0 15156, Petroleum and natural gas industries - Materials
for use in H2S-containing environments in oil and gas production— 2015 (includes
parts 1, 2, and 3). Third Edition (Replaced 2009 Second Edition)

*  ANSI/NACE TMO0284-2016, Evaluation of Pipeline and Pressure Vessel Steels for
Resistance to Hydrogen-Induced Cracking (Revises NACE TM0284-2011)

* NACE TMO0177-2016, Laboratory Testing of Metals for Resistance to Sulfide Stress
Cracking and Stress Corrosion Cracking in H2S Environments (Revises NACE
Standard TM0177-2005)

(see Table 4 in Final TAF 766 Report)

10 Presented to March 56 2019 Peer Review Panel Meeting EN DYNA

TAP 766: Selected by BSEE for Peer Review

= Current BSEE regulations require that offshore oil and gas operators submit detailed
information that demonstrates equipmentare capable of performingin the applicable HPHT
environment as specified in submitted Applications for Permit to Drill (APD), Applications for
Permit to Modify (APM), and Deep Water Operations Plans (DVWOP) (30 CFR 250.804).

= BSEEhas a needto determine whether or not operators’ submissions are acceptable and
equipmentis fit for service based upon propermadeling, safety factors, appropriate applicable
standards, and whether appropriate design basis were applied.

BSEE considers TAP 766
Study to be a highly
influential scientific
assessment

This peer review will
evaluate and assess the
TAP 766 project results

1 Presented to March 56 2019 Peer Revizw Panel Meeting ENDyNA
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6. HANDOUT

This section provides a handout prepared by Mr. Badrak that identified the parts of ANSI/NACE
MRO0175 / ISO 15156 that Mr. Badrak considered relevant to the TAP 766 study.

Background on ANSI/NACE MRO0175/1SO 15156

“ANSI/NACE MR0175/1SO 15156 gives requirements and recommendations for the selection
and qualification of CRAs (corrosion-resistant alloys) and other alloys for service in equipment
used in oil and natural gas production and natural gas treatment plants in H,S-containing

environments whose failure can pose a risk to the health and safety of the public and personnel

or to the environment. It supplements, but does not replace, the materials requirements of the
appropriate design codes, standards, or regulations” (SCOPE part 3)

This part of ANSI/NACE MRO0175/1SO 15156 applies to the qualification and selection of
materials for equipment designed and constructed using load-controlled design methods. For
design utilizing strain-based design methods, see ANSI/NACE MRO0175/1SO 15156-1:2015,
Clause 5.

15156-1 Clause 5

Users of the ANSI/NACE MR0175/ISO 15156 series shall first assess the conditions to which
the materials they wish to select can be exposed. These conditions shall be evaluated, defined,
and documented in accordance with this part of ANSI/NACE MR0175/ISO 15156.

The equipment user shall determine whether or not the service conditions are such that the
ANSI/NACE MR0175/I1SO 15156 series applies.

Materials selection shall be made following the requirements and recommendations of
ANSI/NACE MR0175/ISO 15156-2 or ANSI/NACE MR0175/ISO 15156-3, as appropriate.

The use of ANSI/NACE MR0175/ISO 15156-2 or ANSI/NACE MR0175/ISO 15156-3 can
require an exchange of information (for example, concerning required or suitable service
conditions) between the equipment user and the equipment or materials supplier. If necessary,
the equipment user should advise other parties of the service conditions.

NOTE It can be necessary for the equipment supplier to exchange information with the
equipment manufacturer, the materials supplier, and/or the materials manufacturer.

Qualification, with respect to a particular mode of failure, for use in defined service conditions
also qualifies a material for use under other service conditions that are equal to or less severe in
all respects than the conditions for which qualification was carried out.

It is the equipment user's responsibility to ensure that any material specified for use in their
equipment is satisfactory in the service environment.
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It is the equipment or materials supplier's responsibility to meet the metallurgical and
manufacturing requirements and, when necessary, any additional testing requirements of the
ANSI/NACE MRO0175/ISO 15156 series for the material selected in the condition in which it
enters into service.

It is the equipment or materials supplier's responsibility to comply with the requirements for the
marking/documentation of materials in accordance with ANSI/NACE

MRO0175/1SO 15156-2:2015, Clause 9 or ANSI/NACE MR0175/1SO 15156-3:2015, 7.2, as
appropriate.

This part of ANSI/NACE MR0175/1SO 15156 applies to the qualification and selection of
materials for equipment designed and constructed using load controlled design methods. For
designs utilizing strain-based design methods, use of this part of ANSI/NACE

MRO0175/ISO 15156 might not be appropriate and other test methods, not addressed in
ANSI/NACE MR0175/ISO 15156, might be required. The equipment/material supplier, in
conjunction with the equipment user, shall define and agree on other testing requirements and
acceptance criteria.

15156-3 Clause 6

Qualification and selection of CRAs and other alloys with respect to SSC, SCC, and GHSC
in H2S-containing environments

General

CRAs and other alloys shall be selected for their resistance to SSC, SCC, and/or GHSC as
required by the intended service.

Compliance of a CRA or other alloy with this part of ANSI/NACE MR0175/ISO 15156 implies
cracking resistance within defined environmental service limits. These limits are dependent on
the material type or the individual alloy.

To enable qualification and/or selection of CRAs and other alloys, the equipment purchaser can
be required to provide information on the proposed conditions of exposure to the equipment
supplier.

In defining the severity of H,S-containing environments, exposures that can occur during system
upsets or shutdowns, etc. shall also be considered. Such exposures can include unbuffered, low
pH condensed water. The limits given in the tables in Annex A are for production environments
and do not cover conditions occurring during injection or flowback of chemicals that can reduce
the in situ pH.

CRAs and other alloys shall be selected using Annex A or following qualification by successful
laboratory testing in accordance with Annex B. Qualification based on satisfactory field
experience is also acceptable. Such qualification shall comply with ANSI/NACE

MRO0175/1SO 15156-1.
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In Annex A, materials are identified by materials groups. Within each group, alloys are identified
by materials type (within compositional limits) or as individual alloys. Acceptable metallurgical
conditions and environmental limits are given for which alloys are expected to resist cracking.
Environmental limits are given for H,S partial pressure, temperature, chloride concentration, and

elemental sulfur.

A CRA or other alloy can be qualified by testing for use under operating conditions that are more
severe than the environmental limits given in Annex A. Similarly, a CRA or other alloy can be
qualified for use in different metallurgical conditions (higher strength, alternative heat treatment,
etc.) to those given in Annex A.

The documentation of qualifications performed in accordance with Annex B shall meet the
requirements in ANSI/NACE MR0175/1SO 15156-1:2015, Clause 9.

The equipment user shall verify qualifications (see B.2.2) and retain documentation supporting
the materials selections made.

Cracking-resistance properties of welds
General

The metallurgical changes that occur when welding CRAs and other alloys can affect their
susceptibility to SSC, SCC, and/or GHSC. Welded joints can have a greater susceptibility to
cracking than the parent material(s) joined.

The equipment user may allow the cracking susceptibility of weldments to govern the limits of
safe service conditions for a fabricated system.

Processes and consumables used in welding should be selected in accordance with good practice
and to achieve the required corrosion and cracking resistances.

Welding shall be carried out in compliance with appropriate codes and standards as agreed
between the supplier and the purchaser. Welding procedure specifications (WPSs) and procedure
qualification records (PQRs) shall be available for inspection by the equipment user.

Welding PQRs shall include documented evidence demonstrating satisfactory cracking
resistance under conditions at least as severe as those of the proposed application. Such evidence
shall be based upon one or more of the following:

— compliance with the requirements and recommendations for the specific materials group
of Annex A (see also 6.2.2.2 and 6.2.2.3);

— weld cracking-resistance qualification testing in accordance with Annex B;

— documented field experience modelled upon that specified for parent materials in
ANSI/NACE MR0175/ISO 15156-1.

The requirements and recommendations given in Annex A might not be appropriate for all
combinations of parent and weld metals used in the fabrication of equipment and components.
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The equipment user may require evidence of successful cracking-resistance testing as part of the
welding procedure qualification to ensure the weldment produced provides adequate resistance
to SSC, SCC, and GHSC for the application.

Hardness testing is an integral component of weld qualification. Hardness Vickers 5kg or 10kg
traverses are essential.

Materials Cr Ni + Co Mo Mo +W Metallurgical
type mass fraction | mass fraction | mass fraction | mass fraction condition
min min min min
% % % %
Type 4a 190 205 25 - Solution-annealed or
annealed
Type 4b 145 52 12 - Solution-annealed or
annealed
Solution-annealed or
Type 4c 19.5 29.5 25 - annealed and cold-worked
Solution-annealed or
e A fel & — ® annealed and cold-worked
Solution-annealed or
Type 4e 145 52 12 - annealed and cold-worked
Type 4fa 20.0 58 15.5 — a) Solution-annealed or
annealed and cold-worked
condition
b) Solution-annealed or
annealed and cold-worked
and aged condition

Table D.3 lists the chemical compositions of some alloys that can, but do not necessarily, meet the restrictions of one or

more of these types. In some cases, more restrictive compositions than those shown in Table D.3 may be needed.

a  The type 4f family is currently limited to only UNS N07022.

Material | Temperature | Partial Chloride pH Sulfur- Remarks
s pressure conc. resistant?
type H,S
PH,S
max max max
°C (°F) kPa (psi) mg/]
See See Any combination of chloride
232 (450) 200 (30) “Remarks” | “Remarks” No concentration and in situ pH
Cold- column column occurring in production
environments is acceptable.
worked See See
alloys of 218 (425) 700 (100) | “Remarks” | “Remarks” No
types 4c, column column
4d and 4e See See
204 (400) 1000 (150) | “Remarks” | “Remarks” No
column column
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Material | Temperature | Partial Chloride pH Sulfur- Remarks
S pressure conc. resistant?

type H,S
PH,S

max max max

°C (°F) kPa (psi) mg/1

See See
177 (350) 1400 (200) | “Remarks” | “Remarks” No
column column

Any combination of hydrogen

See See See sulfide, chloride concentration
132 (270) “Remarks” | “Remarks” | “Remarks” Yes o . . ’

column column column and in situ pH in production

environments is acceptable.

See See Any combination of chloride

Cold- 218 (425) | 2000 (300) | “Remarks” | “Remarks” No concentration and in situ pH

column column occurring in production
worked environments is acceptable.
alloys of

types See See See Any combinations of hydrogen
4d and 4e 149 (300) “Remarks” | “Remarks” | “Remarks” Yes sulfl('ie, .chlorld.e concentration,

column column column and in situ pH in production

environments are acceptable.

A.4.3 Welding solid-solution nickel-based alloys of this materials group

The requirements for the cracking-resistance properties of welds shall apply (see 6.2.2).

The hardness of the HAZ after welding shall not exceed the maximum hardness allowed for the
base metal and the hardness of the weld metal shall not exceed the maximum hardness limit of

the respective alloy used for the welding consumable.

There are no hardness requirements for welding solid-solution nickel-based alloys with solid-
solution nickel-based weld metal.

A.13 Cladding, overlays, and wear-resistant alloys
A.13.1 Corrosion-resistant claddings, linings and overlays

The materials listed and defined in A.2 to A.11 can be used as corrosion-resistant claddings,
linings, or as weld overlay materials.

Unless the user can demonstrate and document the likely long-term in-service integrity of the
cladding or overlay as a protective layer, the base material, after application of the cladding or
overlay, shall comply with ANSI/NACE MR0175/ISO 15156-2 or this part of ANSI/NACE
MRO0175/ISO 15156, as applicable.

This may involve the application of heat or stress-relief treatments that can affect the cladding,
lining, or overlay properties.
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Factors that can affect the long-term in-service integrity of a cladding, lining, or overlay include
environmental cracking under the intended service conditions, the effects of other corrosion
mechanisms, and mechanical damage.

Dilution of an overlay during application that can impact on its corrosion resistance or
mechanical properties should be considered.

Table B.1 — Cracking mechanisms that shall be considered for CRA and other alloy

groups
Potential cracking
mechanisms in H,S
Materials groups of Annex A serviceab Remarks
SSC SCC | GHSC
Solid-solution nickel-based S P S Some Ni-based alloys in the cold-worked condition

alloys (see A.4)

and/or aged conditions contain secondary phases and
can be susceptible to HSC when galvanically coupled
to steel.

In the heavily cold-worked and well-aged condition
coupled to steel, these alloys can experience HSC.

a P indicates primary cracking mechanism.

b S indicates secondary, possible, cracking mechanism.

General

An overview of the uses of laboratory qualifications is given in Figure B.1
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Establish requirement
for cracking-resistant
alloy(s)

~_~

Suitable materials can be

selected from ISO 15156-2:2015,
Annex A or this part of [SO 15156,
Annex AP

Yes

Use alloy as listed

No s Laboratory qualification to and/or
equipment user’s requirementsa
Y
-
Qualification of Qualification of
manufactured products defined production
k(see B.2.2) ) route (see B.2.3).
Purchaser and supplier Y
agree .bas.is of Purchaser reviews
qualification and accepts supplier’s
documented routing
qualification
Complete and document
qualification

Y

Equipment user reviews and accepts
qualification for intended application(s)

Y

Use alloy as qualified

(consider submission for Annex A listing)

Laboratory qualification to obtain
listing in Annex A®

1) Carry out and report laboratory
tests in accordance with the
requirements of ISO 15156-1

2) Submit a proposal for revision
or amendment of this part of

[SO 15156 in accordance with

[SO procedures®

Y

If successful, alloy becomes listed

t

Key
a

This part of ANSI/NACE MR0175/1SO 15156 addresses SSC, SCC, and GHSC of CRAs and other alloys. ANSI/NACE

MRO0175/1SO 15156-2 addresses SSC, HIC, SOHIC, and SZC of carbon and low alloy steels.
b Annex A addresses SSC, SCC, and GHSC of CRAs and other alloys. ANSI/NACE MR0175/ISO 15156-2:2015, Annex A
addresses SSC of carbon and low alloy steels.

B.2.2 Qualification of manufactured products

The user of this part of ANSI/NACE MR0175/ISO 15156 shall define the qualification
requirements for the material in accordance with ANSI/NACE MR0175/ISO 15156-1 and

Annex B.

This definition shall include the application of the following:
a) general requirements (see ANSI/NACE MR0175/ISO 15156-1:2015, Clause 5);

b) evaluation and definition of service conditions (see ANSI/NACE

MRO0175/1SO 15156-1:2015, Clause 6);
c) material description and documentation (see ANSI/NACE MR0175/ISO 15156-1:2015,

8.1);

d) requirements for qualification based upon laboratory testing (see ANSI/NACE MR0175/
ISO 15156-1:2015, 8.3);
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e) report of the method of qualification (see ANSI/NACE MR0175/ISO 15156-1:2015,
Clause 9).

Appropriate “test batches” and sampling requirements shall be defined having regard to the
nature of the product, the method of manufacture, testing required by the manufacturing
specification, and the required qualification(s) (see Table B.1).

Samples shall be tested in accordance with Annex B for each cracking mechanism to be
qualified. A minimum of three specimens shall be tested per test batch. The test batch shall be
qualified if all specimens satisfy the test acceptance criteria.

Retesting is permitted in accordance with the following. If a single specimen fails to meet the
acceptance criteria, the cause shall be investigated. If the source material conforms to the
manufacturing specification, two further specimens may be tested. These shall be taken from the
same source as the failed specimen. If both satisfy the acceptance criteria, the test batch shall be
considered qualified. Further retests shall require the purchaser’s agreement.

Testing of manufactured products may be carried out at any time after manufacture and before
exposure to H,S service.

Before the products are placed in H,S service, the equipment user shall review the qualification
and verify that it satisfies the defined qualification requirements. Products with a qualification
that has been verified by the equipment user may be placed into H2S service.

B.2.3 Qualification of a defined production route
A defined production route may be qualified for the production of qualified material.

A qualified production route may be followed to avoid order release testing for H,S cracking
resistance.

A materials supplier may propose to a materials purchaser that a qualified production route be
used to produce qualified materials. The qualified production route may be used if the materials
supplier and materials purchaser agree to its use.

A qualified production route may be used to produce qualified material for more than one
materials user.

To qualify a production route, the material supplier shall demonstrate that a defined production
route is capable of consistently manufacturing material that satisfies the applicable qualification
test requirements of Annex B.

The qualification of a production route requires all of the following:
a) definition of the production route in a written quality plan that identifies the
manufacturing location(s), all manufacturing operations, and the manufacturing controls
required to maintain the qualification;
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b) initial testing of products produced on the defined production route in accordance with
B.2.2 and verifying they satisfy the acceptance criteria;

c) periodic testing to confirm that the product continues to have the required resistance to
cracking in HoS service. The frequency of “periodic” testing shall also be defined in the

quality plan and shall be acceptable to the purchaser. A record of such tests shall be
available to the purchaser;

d) retaining and collating the reports of these tests and making them available to material
purchasers and/or equipment users.

A material purchaser may agree additional quality control requirements with the manufacturer.
The accuracy of the quality plan may be verified by site inspection by an interested party.

Changes to a production route that fall outside the limits of its written quality plan require
qualification of a new route in accordance with a), b), c), and d) above.

B.3.2 Materials

The materials tested shall be selected in accordance with the requirements found in ANSI/NACE
MRO0175/ISO 15156-1:2015, 8.3.2.

In addition, consideration shall be given to the following:

a) the cracking mechanism for which testing is required (see Table B.1);

b) the testing of appropriately aged samples of alloys that can age in service, particularly
HSC testing of downhole materials that can be subject to ageing in service (“well
ageing”);

c) the directional properties of alloys because cold-worked alloys may be anisotropic with
respect to yield strength and for some alloys and products, the susceptibility to cracking
varies with the direction of the applied tensile stress and consequent orientation of the
crack plane.

B.3.3 Test methods and specimens

Primary test methods use constant load, sustained load (proof-ring), or constant total strain
(constant displacement) loading of smooth test specimens.

Uniaxial tensile (UT) tests, four-point bend (FPB) tests, and C-ring (CR) tests may be performed
with the above loading arrangements.

Generally, constant load tests using UT specimens are the preferred method of testing
homogeneous materials.

Test specimens shall be selected to suit the product form being tested and the required direction
of the applied stress. A minimum of three specimens shall be taken from each component tested.
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UT specimens may be taken from welded joints in accordance with EFC Publication Number 17,
Figure 8.1. Other specimens taken from welded joints may be tested with weld profiles as
intended for service.

When double (back-to-back) FPB specimens are used (in accordance with EFC Publication
Number 17, Figure 8.2a, or similar), uncracked specimens shall be disqualified as invalid if the
opposing specimen cracks.

Alternative test methods or specimens may be used when appropriate. The basis and use of such
tests shall be documented and agreed with the equipment user.

Examples of test methods that may be considered are as follows.

— Fracture mechanics tests, e.g. double cantilever beam (DCB) tests, may be used if cracks
are unaffected by branching and remain in the required plane. This normally limits DCB
tests to SSC and HSC tests.

— Tests involving the application of a slow strain rate, e.g. SSRT in accordance with
NACE TMO0198, interrupted SSRT in accordance with ISO 7539-7 or RSRT in
accordance with the method published as NACE CORROSION/97 Paper 58.

Tests may utilize testing of full-size or simulated components when appropriate.
B.3.4 Applied test stresses/loads for smooth specimens

The yield strengths of CRAs used to derive test stresses shall be determined at the test
temperature in accordance with the applicable manufacturing specification. In the absence of an
appropriate definition of yield strength in the manufacturing specification, the yield strength
shall be taken to mean the 0.2 % proof stress of non-proportional elongation (Ryo2 as defined in
ISO 6892-1) determined at the test temperature.

Directional properties shall be considered when selecting test specimens and defining test
stresses.

For welded specimens, the parent metal yield strength shall normally be used to determine test
stresses. For dissimilar joints, the lower parent metal yield strength shall normally be used. When
design stresses are based on the yield strength of a weld zone that is lower than the yield strength
of either adjoining parent metals, the yield strength of the weld zone may be used to determine
test stresses.

For constant-load tests and sustained-load (proof-ring) tests, specimens shall be loaded to 90 %
of the AYS of the test material at the test temperature.

For constant total strain (deflection) tests, specimens shall be loaded to 100 % of the AYS of the
test material at the test temperature.

NOTE Constant total strain (deflection) tests might not be suitable for materials that can relax by
creep when under load.
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Lower applied stresses can be appropriate for qualifying materials for specific applications. The
use and basis of such tests shall be agreed with the purchaser and documented.
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7. REFERENCE #14 FROM FINAL TAP 766 REPORT

During the peer review panel meeting, as noted in Section 2, Dr. Hawk pointed to Reference [14]
or the “project interim report” cited on page 9 of the final TAP 766 report and questioned why
Reference [14] had the same publication date as the final report and whether Reference [14] may
have more data. Dr. Hawk requested that Ms. Amy Doll, EnDyna’s Peer Review Lead, try to
obtain a copy of Reference [14] for the peer reviewers.

During the panel meeting, Ms. Doll contacted the BSEE COR (Mr. Mark Kozak) who
immediately sent a PDF version of Reference [14] or the “project interim report” cited on page 9
of the final TAP 766 report. Ms. Doll emailed the PDF version to each peer reviewer and
provided a printed copy for the peer reviewers to examine during the panel meeting.

Because the peer reviewers frequently examined Reference [14] throughout the remainder of the

peer review panel meeting, this section provides Reference [14] or the “project interim report” as
part of EnDyna’s documentation for the peer review panel meeting.
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EXECUTIVE SUMMARY

The environment in which deep-water oil and gas exploration and extraction occurs is often both
high pressure (15,000 psi or more) and high temperature (350 °F or higher) (HPHT). These
conditions are often exacerbated by highly corrosive sour gas (with high concentrations of H,S
and CO,) and high concentrations of chloride (CI'). Components made of high-strength ferrous
alloys are susceptible to hydrogen embrittlement under these conditions. To combat this
problem, the industry uses corrosion-resistant alloys (including nickel-based Inconel® alloys)
weld cladded to the surfaces of ferrous components that come into contact with HPHT sour-gas
conditions. While providing resistance to these conditions, the impact to fatigue and fracture of
these cladding materials has not been well documented in the open literature. Therefore, the
Bureau of Safety and Environmental Enforcement (BSEE) awarded a contract to Concurrent
Technologies Corporation (CTC) to generate common fatigue and fracture data. Using
specialized test equipment, DNV GL measured the following properties: fracture toughness,
fatigue crack growth rate (FCGR) and cyclic fatigue under HPHT sour-gas conditions.
Specifically, this team evaluated Inconel 625 cladding, which was weld cladded to an ASTM
A387 Grade 22, Class 2 steel substrate plate. As the clad test plate required two clad passes to
achieve the minimum 0.25-inch clad thickness, and due to differences in dilution from the
substrate plate in each of the clad layers, fracture toughness and FCGR were measured separately
for both clad layers. Supporting these tests, slow-strain-rate (SSR) tensile, engineering stress-
strain and bent-beam stress corrosion cracking (SCC) tests were also completed.

Salient conclusions from the work include the following.

¢ The data provided in this report are a good start towards having a broad collection of publically
available fatigue and fracture data for use by designers, failure analysts and regulatory bodies
within the oil and gas exploration and extraction industry for clad components subjected to
HPHT sour-gas conditions.

e Fatigue and fracture differences were noted between the inner and outer layers of the two-layer
weld cladding evaluated in the present project. Treating each clad layer as a “separate”
material in fatigue and fracture assessments is justified.

e No observable cracking or pitting was observed in any of the SCC specimens, which were
subjected to the HPHT sour-gas environment for 30 days. A total of nine SCC specimens were
tested: three replicates each tested at 95%, 110% and 120% of apparent yield load.

e Slow strain rate tensile tests performed in the HPHT sour-gas environment did not show any
evidence of environmentally assisted cracking. The fracture surface exhibited a ductile failure
mode.

e Fracture toughness tests performed in air and sour-gas environments in both the upper (low
iron dilution) and lower (high iron dilution) Inconel 625 clad layers indicated the fracture
toughness of both clad layers is high. The fracture surfaces exhibited ductile features,
suggesting that neither clad layers were susceptible to environmentally assisted fracture. The
specimen from the lower clad layer (i.e., the one with greater dilution from the steel substrate)
generally had higher initiation fracture toughness (threshold value of J > 240 N/mm, where J is
fracture toughness) than did the specimens from the upper clad layer (threshold value of J ~190
N/mm). Plane-strain plastic-elastic fracture toughness (Jic, defined as the J value at a crack

! Inconel is a registered trademark of Special Metals Corporation, Huntington, WV.



mouth opening displacement of 0.2 mm) averaged 257 N/mm for the upper clad layer; the
singular Jc value for the lower clad layer was 344 N/mm.

e FCGR frequency scan tests on both the upper (low iron [Fe] dilution) and lower (high Fe
dilution) Inconel 625 clad layers did not exhibit a strong frequency dependence between 1 Hz
and 3 mHz. However, between 1 mHz and 0.1 mHz, FCGR increased by about 100x.
Although this suggests that chemical attack occurs at the crack tip, thereby making the material
more susceptible to crack growth over time, effects of static growth rate, especially at the
lowest test frequencies, may also have played a role in the increased FCGR at low test
frequencies. During frequency scans, the lower layer (i.e., the one more highly diluted with
substrate material) was found to have a higher FCGR by about an order of magnitude (i.e.,
10x) over the upper layer. When the material was tested in the Paris law? region, the FCGR of
the lower layer was about twice that of the upper layer. These results suggest any crack that
starts from the exterior of a cladded component may accelerate its growth rate once the outer
clad layer has been completely penetrated and the crack grows into the lower clad layer.

e To achieve failure within a few hundred to a few thousand cycles, cyclic fatigue specimens
must be notched with a stress concentration factor of about 4.0 and subjected to nominal
stresses that exceed yield. (For the Inconel 625 cladding evaluated here, the measured 0.2%
offset yield strength at 350 °F was 65.9 ksi.) Fatigue failures occurred between 4000 to 10,000
cycles in the peak cyclic stress range of 60 to 88 ksi. The log-log relationship between the
number of cycles to failure and peak cyclic stress followed a linear relationship with minimal
scatter around the best-fit curve, which included peak cyclic stresses both below and above the
Inconel 625 cladding yield strength.

e While the HPHT sour-gas environment may lead to greater scatter (~5%) in tensile elongation,
reduction of area and time to failure during slow-strain-rate testing, the mean values of these
tensile properties were not significantly altered (< 1%) from values measured in air at 350 °F.

e Additive manufacturing methods were useful for providing material to the top of cladding
without impairing its original microstructure/mechanical properties and enable physical
completion of fracture and FCGR specimens.

The following recommendations are offered based upon the work.

e Given the typical variability of weld cladding properties, additional testing is recommended to
supplement those discussed here. Specimens from additional Inconel-625-clad test plates and
additional clad vendors would help to further define the variability that could be expected
among potential clad vendors and the normal variability expected from the weld cladding
process itself.

e Similarly, while cyclic fatigue testing was completed at a single stress ratio (R = 0.13),
completing additional cyclic fatigue tests at other stress ratios (and possibly with other than
sinusoidal stress versus time cycles) would provide the industry with additional valuable data.

e Since other cladding alloys are either being used or are being considered for use by the oil and
gas exploration and extraction industry, complementing the present work by assessing the
fatigue and fracture behavior of these other materials would also benefit the industry.

% The Paris law region of a FCGR curve is the linear region of the log-log curve of crack growth rate versus the
range of the stress intensity factor.



e To determine low-cycle stress-based fatigue curves for common cladding materials, the test
should start with nominal peak cyclic stresses just above and just below the yield strength of
the cladding.

The measured values are useful for numerical simulations of fatigue and fracture. Specifically,

designers can use the information to estimate the lifetime of components. Accident investigators

can use the information to determine critical issues that led to failures. Regulatory bodies can
use the information to evaluate the value of designs proposed for use in HPHT sour-gas
conditions. Armed with these data, designers can use the information to estimate the lifetime of
components. Accident investigators can use the information to determine critical issues that led
to failures. Regulatory bodies can use the information to assess the value of designs proposed
for use in HPHT sour-gas conditions.
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1.0 INTRODUCTION

The environment in which deep-water oil and gas exploration and extraction occurs is often both
high pressure (15,000 psi or more) and high temperature (350 °F or higher) (HPHT). These
conditions are often exacerbated by highly corrosive sour (or sweet) gas (with high
concentrations of H,S and CO,) and high concentrations of chloride (ClI"). Components made of
high-strength ferrous alloys are susceptible to hydrogen embrittlement and stress corrosion
cracking under these conditions. To combat this problem, the industry uses corrosion-resistant
alloys (including nickel-based Inconel® alloys) weld cladded to the surfaces of ferrous
components that come into contact with HPHT sour-gas conditions. While providing resistance
to these conditions, the impact to fatigue and fracture of these cladding materials has not been
well documented in the open literature. Therefore, the Bureau of Safety and Environmental
Enforcement (BSEE) awarded a contract to Concurrent Technologies Corporation (CTC) to
generate fatigue and fracture data for a common cladding used in deep-water oil and gas
exploration and extraction equipment.

The objective of the current work was to experimentally measure the following fatigue and
fracture properties of nickel-based Inconel® 625 [1], which has been cladded to steel alloy
ASTM International (ASTM) A387 Grade 22, Class 2 (A387) [2]*:

Stress corrosion cracking

Fracture toughness

Cyclic fatigue

Fatigue crack growth rate.

In addition, fatigue and fracture material models (i.e., mathematical equations) suitable for
numerical simulations were also desired. Such material models are often required for accurate
hand calculations or numerical simulations of equipment to predict response during fatigue or
fracture events.

Many failures in the oil and gas exploration and extraction industry occur at a relatively low
number of fatigue cycles (several hundreds to a few thousands). In addition, the industry, when
asked by the authors, indicated a greater interest in using fatigue data under stress conditions
since a majority of components are designed based on stress rather than stain-based fatigue
response [3]. Therefore, the present project focused on stress-based fatigue rather than strain-
based fatigue measures even at the desired low-cycle count.

In the present work, Inconel 625 cladding was added to a 1-1/4-inch-thick ASTM A387 plate.
The required minimum cladding thickness was 0.25 inch. To achieve the needed clad thickness,
two separate clad layers were required. In this case, the application direction for both clad layers
was identical. Figure 1 illustrates the clad plate from which specimens were taken. With the
different level of dilution in each of the two clad layers, CTC, with concurrence from BSEE,
agreed to treat each of the two layers as separate materials. Therefore, separate material
properties were measured when specimen geometries permitted separate property measurements
in each of the clad layers. After application of the cladding, the plate was heat treated to relieve
stress. The selected heat treatment is also commonly used for deep-water Inconel-625-cladded-
steel exploration and extraction equipment.

® Inconel is a registered trademark of Special Metals Corporation, Huntington, WV.
* This combination of materials is often used in the oil and gas exploration and extraction industry.
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Figure 1: Cladded test plate used in current investigation

The chemical composition and strength of the substrate plate are listed in Table 1, while the
chemical composition of Inconel 625 is shown in Table 2. However, during application of a
cladding, dilution of the substrate material into the cladding occurs due to melting of the top
surface of the substrate, which mixes with the melted cladding materials prior to solidification.
Dilution of the iron, and to a significantly lesser extent for other elements in the steel substrate, is
highest in the first clad layer to be added. The amount of dilution in each additional clad layer is
successively reduced. Since the fatigue and fracture of a metallic material is dependent upon its
alloy composition, each of the first several clad layers may have different fatigue and fracture
properties. Therefore, as much as the test sample geometries allow, separate properties were
measured for each of the clad layers.

Table 1: Chemistry and Strength of Substrate Materials

High- Ultimate

Strength Yield Tensile Reduction
Steel Strength | Strength | Elongation | of Area
Alloy C Mn P S Si Cr Mo (MPa) (MPa) (%) (%)
ASTM | 0.05- | 0.30- | 0.025 | 0.025 | 0.50 | 2.00- | 0.90- . . .
A387 | 015 | 0.60 | Max | Max | Max | 250 | 1.0 | StOMin | 515690 | 18 Min | 40 Min
ASTM
A387

platein | 0.15 | 0.52 | 0.009 | 0.005 | 0.20 | 2.26 | 0.94 560 690 22.0 72.0
present

analysis*

*Properties from plate certification — see Appendix A.
C = carbon; Mn = manganese; P = phosphorus; S = sulfur; Si = silicon; Cr = chromium; Mo = molybdenum; MPa =
megapascal; Max = maximum; Min = minimum

Table 2: Chemical Composition of Inconel 625 [1]

Element

Ni Cr Fe Mo | Nb+Ta| C Mn Si P S Al Ti Co
Weight | 58.0 | 20.0-| 50 | 8.0- | 315 | 0.10| 050 | 050 | 0.015 | 0.015 | 0.40 | 0.40 | 1.0
percent Min | 23.0 | Max | 10.0 4,15 Max | Max | Max | Max Max | Max | Max | Max

Nb = niobium; Ta = tantalum; Al = aluminum; Co = cobalt

In the present work, cladding was added to a 1-1/4-inch-thick ASTM A387 plate according to the
requirements defined in Appendix B. The plate cladding certifications is provided in Appendix
C. The required minimum cladding thickness was 0.25 inch. To achieve the needed clad
thickness, two separate clad layers were required. In this case, the application direction for both




clad layers was identical. Figure 1 illustrates the clad plate from which specimens were taken.
With the different level of dilution in each of the two clad layers, CTC, with concurrence from
BSEE, agreed to treat each of the two layers as separate materials. Therefore, separate material
properties were measured when specimen geometries permitted property measurements in each
of the clad layers. After application of the cladding, the plate was heat treated to relieve stress —
see Appendix D for heat-treatment specifications. Appendix E is a copy of the heat-treatment
certification. The selected heat treatment is also commonly used for deep-water Inconel-625-
cladded-steel exploration and extraction equipment. The cladded plate as delivered to CTC is
shown in Figure 2, which also shows the layout of the specimens used for property
measurements. The following properties were measured: stress-strain at a slow strain rate,
cyclic fatigue, fracture toughness (FT), stress corrosion cracking (SCC) and fatigue crack growth
rate (FCGR). To support these measurements, engineering stress-strain of the cladding was also
measured in air at 350 °F. Several of the specimens were required to calibrate the equipment
and/or to establish the test range used to measure many of the properties. Given their preexisting
facility and experience in completing similar tests under the desired test environment, all HPHT
sour-gas testing was completed at DNV GL (DNV) in Dublin, OH.

Figure 2: Photo of Inconel-625-clad steel plate used to extract test specimens



Table 3 shows the type and number of tests completed to determine the desired properties. The
totals include calibration tests as well as tests from which fatigue and fracture data were
measured. Table 3 also shows the ASTM standards associated with each of these property

measurements.
Table 3: Mechanical Property Testing Completed
Mechanical | ASTM Number of Test
Property | Method Rationale Specimens Comments
Engineering Determ_lne yield Required to determine stress levels
2 | E21 [4] |and ultimate 1 . ! .
Stress-Strain . for cyclic fatigue and other testing
tensile stresses
Generate S-Ng Establish complete specimen
Cyclic curves to evaluate failure by cyclic fatigue; S = peak
. E466 [5] |,_.. 20 , ONL =
Fatigue fatigue cyclic stress; Nt = number of
performance cycles to failure
Eracture £1820 Determine Jjc Establ_lshles dxnamlq fracture
fracture 7 behavior; J. = plastic-elastic
Toughness [6]
toughness values fracture toughness
Fatigue Determine crack Establishes crack growth rate
Crack E647 [7] rowth rates 10 resulting from loading on material
Growth Rate g with a given flaw
Evaluate the
. effects of HPHT 6 in target HPHT |Qualitatively measure rate of
Slow Strain sour-gas : o : .
. |G129 [8] . environment; 4 in |attack on cladding subjected to
Rate Tensile environment . .
. . air HPHT sour-gas environment
relative to testing
in air
Qualitatively
Stress evaluate the .
Corrosion 39 [9] |effects of 9 Three replicates of each of three
; A apparent stress levels
Cracking environment on
crack propensity

Table 4 highlights several test conditions required by American National Standards Institute
(ANSI) and NACE International (NACE, formerly known as the National Association of
Corrosion Engineers) standards related to testing in HPHT sour-gas environments. With the
acknowledgement of BSEE, testing at HPHT conditions was completed under Level VI
conditions as defined in ANSI/NACE MR0175/1SO 15156 [10]; the test conditions are
highlighted in Table 5. At DNV’s recommendation and with BSEE’s agreement, the potential
hydrogen (pH) of the sour gas condition was 4-5; therefore, the aim pH was 4.5.




Table 4: Sour Test Environment/Corrosion Specifications

ANSI/NACE Method

Title

Rationale for Use

ANSI/NACE
MRO0175/ISO 15156

Materials

Petroleum and Natural Gas Industries-Materials for Use in
H,S Containing Environments in Qil and Gas Production;
Part 1 General Principles for Selection of Cracking-Resistant

Used in conjunction
with the standard
ASTM test methods

ANSI/NACE TM0284
[11]

Evaluation of Pipeline and Pressure Vessel Steels for
Resistance to Hydrogen-Induced Cracking

as guidelines for
testing in a sour

ANSI/NACE TM0177
[12]

Environments

Laboratory Testing of Metals for Resistance to Sulfide Stress
Cracking and Stress Corrosion Cracking in H,S

(H,S) environment
under HPHT
conditions

Table 5: Physical Experimental Environmental Conditions

Condition Value
Temperature (°F/°C) 350/177
Pressure (psi/bar) 1150/78
Hydrogen Sulfide, H,S (partial pressure, psi) 500
Chloride, CI' (mg/l [minimum]) 150,000
Carbon Dioxide, CO, (partial pressure, psi) 500
pH 4-5

20 TEST SOLUTION

Using version 8 of the mixed solvent electrolyte (MSE) model [13] available from OLI Systems,
Inc. of Cedar Knolls, NJ, DNV determined the equivalent thermodynamic corrosion potential at
the test pressure (1150 psia) to that of the desired oil and gas exploration and extraction pressure
(i.e., the service pressure, 15 ksi). This calculation was performed to identify the sour-gas

solution chemistry. Table 6 shows the resulting chemistry.

Table 6: Solution Chemistry of the Test Environment for Equivalent Sour-Gas Service

Conditions
Chemical Chemical | Mass per Unit Mass
Compound Formula | Volume (g/l) | Fraction (%)
Deionized Water H,0 915.10 78.69
Sodium Chloride NaCl 247.30 21.27
Sodium Bicarbonate NaHCO3 0.5065 0.0436

3.0 LITERATURE REVIEW

Offshore oil and gas exploration and production has increased in recent years. A significant
number of the recently found fields have been in deep water and the wells operate under high
pressure and high temperature. The increased water depths combined with extreme HPHT
conditions present a significant challenge for various materials. For example, the increased
water depth places a significant demand on the strength of the material. The use of conventional
material for subsea applications with yield strength (YS) in the range of 70-100 ksi makes it
impractical to transport and install the equipment in deep-water applications. This has led the
industry to explore high-strength steels for these applications. A range of steels can be heat

5



treated to obtain strengths in the range of 120-160 ksi. However, most of these materials have
poor resistance to hydrogen embrittlement. It is also expected that the internal environment of
the subsea equipment will experience temperatures in excess of 350 °F, with partial pressures of
H,S in the range of 1-2 psia coupled with low pH. These environments are extremely aggressive
and typically lead to high corrosion rates of steels and potentially also lead to cracking due to
hydrogen embrittlement. This has led to the development of clad systems, where low-alloy
steels are cladded with high-nickel, corrosion-resistant alloys (CRAS) such as Inconel 625, which
allows for a cost-effective solution by using low-alloy steels to be protected by CRAs. However,
only a limited amount of work has been performed to understand the environmentally assisted
cracking behavior of clad materials in sour-gas environments under HPHT conditions.

SCC resistance has been investigated primarily by performing static SCC tests such as four-point
bend and C-rings in order to determine the long-term performance of CRASs in specific
environments of interest. There has also been development of the NACE TMO0298 [14] SSR test
method, which involved dynamic straining of CRAs to determine their SCC resistance.
However, these techniques are designed to provide pass/fail criteria with no quantitative
information available from these tests for use in design. While these tests have been successful
in evaluating martensitic (e.g., 13 chromium [Cr]) type of material, the use of static techniques
has been less successful in evaluating nickel-based alloys. An example of this was evident in the
recent work [15] on precipitation hardened (PH) nickel alloys on creviced four-point bend
specimens, which showed a range of scatter on the occurrence of cracking after different
exposure times. It is clear that in some cases tests in 30/90-day exposures showed evidence of
cracking, but longer-term exposures of 183 and 365 days did not exhibit any evidence of
cracking under the same environmental conditions tested. The specimens that were not creviced,
did not exhibit any evidence of cracking, while the creviced specimens in certain cases did
exhibit cracking. Cross sectional analysis of the specimens suggested that the cracks initiated
from the creviced area.

The above observations suggest that cracking in CRAs is related to localized corrosion
initiation/growth. Crack growth rate measurements on 13Cr material has suggested similar
behavior where the crack growth rate (CGR) is a strong function of applied potential, and
increases sharply as the applied potential is above the repassivation potential [16].

Localized corrosion sites like pits/crevices can act as initiation sites for subsequent cracking.
The pits/crevices cannot only act as stress concentrators but also serve to provide the local
electrochemical conditions for sustaining/transitioning to cracks. The local environments at the
bottom of pits/crevices are acidic due to metal ion hydrolysis, and concentrated in chloride to
maintain charge neutrality. This would suggest that the micro processes that control pit growth
and crack growth are similar. A schematic illustration of the pit growth process and crack
growth process and the relationship between them is shown in Figure 3.
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Figure 3: Schematic illustration of the relationship between the micro processes for
localized corrosion and SCC in CRAs

+  Macroscopic Measurements for SCC

There has been limited work performed in the area of fatigue and fracture applications in HPHT
sour-gas environments to understand the behavior of nickel-based alloys. Fracture toughness
tests on Inconel 625+ (a participation hardened version of Inconel 625) in sour-gas environments
in a range of sour environments are shown in Figure 4 [17]. The results indicate that increasing
chloride concentration leads to decreasing initiation toughness (K;) and increasing CGR. The K;
and CGR are related to the difference between repassivation potential and corrosion potential, as
the difference in repassivation and corrosion potential increases as K; increases and CGR
decreases.
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Figure 4: Fracture toughness curves in a range of sour environments at 400 °F, and
relationship between initiation toughness and crack growth rate to the repassivation
potential [17]

The above data suggests that developing a correlation between environmental cracking
parameters and localized corrosion data will enable development of an analytical framework
with which predictive models can be developed to address not only a range of environmental
conditions but also a range of material chemistry (e.g., Inconel 625 vs Inconel 825). It is also



important to note that the microstructure of the clad components will be a welded/as-cast
microstructure, which could have a significant impact on the environmental fatigue and fracture
resistance in sour-gas environments and needs to be captured in order to validate the use of
cladding as a viable option for HPHT sour-gas conditions.

Further complicating the prediction of fatigue and/or fracture performance of cladded structures
is the microstructure of the multi-material components, especially near the interface between the
substrate metal and cladding. The microstructure (including the atomic arrangement of the
material and the spatial distribution of alloying elements) plays a significant role in the local
strength, fatigue and fracture properties of the cladding. It also has a significant role in crack
initiation and propagation, as well as corrosion rate. In addition, chemical dilution of substrate
material into the fusion weld clad layers is important, especially given that the amount of dilution
varies significantly over the first several clad layers. As an example, on another project, CTC
had multiple layers of nickel-based alloy Inconel 625 clad onto a high-strength steel substrate
[18]. Not until the third clad layer did the dilution effects of the substrate essentially vanish —
see Figure 5.° Furthermore, the strength, fatigue and fracture properties of the individual clad
layers are expected to vary as a result of the significant differences in dilution between each clad
layer. Given the higher dilution of iron into the bottom clad layer, it is likely to have higher
corrosion and stress-corrosion rates than the less-iron-diluted outer clad layer of the two-layer
cladded specimen made for experimentally measuring strength, fatigue and fracture properties in
this report. To correctly define the fatigue and fracture behavior of multi-layer cladding systems,
this difference must be quantified, thereby requiring separate property measurements in each of
the clad layers.

30.0
z ~~Cr -&Fe -&-Mo -+-Nb
25.0 +

20.0 + LT
15.0 +

10.0 +

Composition, wt.%

5.0 +

0.0 T T T . .
Layerl Layer2 Layer3 Layerd Final Thickness

Figure 5: Dilution of elements from steel substrate to Inconel 625 weld cladding [18]

® The amount of and rate of change of dilution effects across the clad layers is dependent upon many factors
including the power level, torch speed and power source. The dilution effects discussed in Reference 18 represent a
common, but not comprehensive dilution distribution in cladded structures.

8



3.1  Application of Fracture Mechanics Approaches

There is a growing trend in the industry to use a fracture-mechanics-based approach for design as
opposed to a conventional stress-based design approach. A fracture-mechanics-based design
approach can optimize the design process and take advantage of the improved properties of
advanced materials like clad nickel-based alloys. It is essential to have crack growth and fracture
toughness data of the nickel-based alloys for this new design approach.

There is a need to develop data on the material performance in the context of the new fracture-
mechanics-design-basis in sour-gas environments. While there is a need to develop data to
address environmental effects in HPHT sour-gas conditions, there is also a need to clearly
identify how fracture toughness and FCGR data will be applied to clad systems. It is currently
unclear if standard failure assessment diagram (FAD)-based fracture mechanics assessment
methods, such as those found in BS 7910 [19] and API/ASME 579 [20], are suitable for HPHT
sour-gas subsea applications, or if finite element (FE) -based methods (i.e., crack mesh) need to
be developed.

4.0 PROJECT PARTICIPANTS

The project was funded and overseen by BSEE, who offered excellent technical direction and
accountability. Based upon an open solicitation, DNV of Dublin, OH was selected as the test
vendor to complete tests under HPHT sour-gas conditions. CTC machined the test specimens.
DNV and CTC completed selected metallurgical analyses. CTC completed development of
material models and a database of results.

5.0 PRE-TESTED METALLURGICAL ANALYSIS

CTC completed several metallurgical analyses of pre-tested Inconel 625 clad on the ASTM
A387 steel substrate. Metallographic prepared samples taken from the cladded steel were
analyzed using light optical microscopy (LOM) and scanning electron microscopy coupled with
energy dispersion spectroscopy (SEM-EDS). SEM-EDS microscopy was primarily used to
evaluate the effects of iron dilution throughout the Inconel 625 clad layers. The analyses
demonstrated (as shown in Figures 6 through 8, which were obtained from scanning electron
microscopy [SEM]):

A good bond existed between the cladding and the steel substrate.

Epitaxial crystal growth of the weld layers was observed.

Neither coarse porosity, inclusions nor cracks were observed in the Inconel 625 cladding.

Relatively coarse and directionally aligned dendrites were observed at the steel/overlay

weld and overlay/overlay welds interfaces.

Most of the dendritic microstructure away from the interface had a small arm spacing.

e The microstructural characteristics of the outer clad layer were found to be very similar to
those of the inner clad layer: primary coarse dendritic columnar crystals that grew from
the interface of preexisting material and much finer dendrites above the coarser ones.

e Microsegregation was more pronounced at the coarser dendrites; the interdendritic

segregation was presumably very fine delta and Laves phases common to nickel-based

alloys.



substrate

Iron dilution fades as the distance from the steel interface increases; presumably iron was
carried away from the interface by convection currents produced by the welding process.
The elemental map showed high concentration of niobium (Nb) and molybdenum (Mo) at
the interface with the steel substrate, which indicates there is more microsegregation
towards this region of the weld; this also indicates that the presence of Laves phases is
more prominent in this region of the weld; chromium (Cr) is uniformly distributed in the
microstructure.

The iron, as determined by SEM-EDS elemental iron analysis, content decreases from
approximately 26 weight percent (wt%) at the steel interface to approximately 8.5 wit%,
at approximately 2500 microns (0.0985 inch) into the first weld layer — see Figure 9. The
iron content practically remained constant into the second layer, but decreased towards
the interface with the additively manufactured material. The additively manufactured
material layer is discussed below.

Upper
clad
layer
(= ; e
;"E"‘-'—!_""_' T
Lower
clad

priF o
o — :":":h‘- -

Figure 6: Typical LOM microstructure at interface of clad layers
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Figure 7: Typical SEM microstructure of the lower clad layer
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Figure 8: Typical SEM microstructure of the upper clad layer
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Figure 9: Iron dilution in the Inconel 625 cladding
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6.0 EXPLANATION OF TESTING PERFORMED
6.1 Engineering Stress-Strain Tensile Testing

Stress levels used in many of the subsequent fatigue and fracture tests relied on measured yield
strength (YS) and ultimate tensile strength (UTS) at 350 °F. Accordingly, one specimen
conforming to ASTM E21 [4], as depicted in Figure 10 was tested in air. The specimen was
taken so that its axis was perpendicular to the direction of individual clad passes (i.e.,
longitudinally). This orientation ensured the specimen would include the mixed microstructure
associated with several weld beads. This orientation is typically the weakest direction in a
weldment, including weld cladding. For these specimens, material in the gage length was a
mixture of both upper and lower clad layers. The center gage area consisted of clad material,
while substrate material was permitted in the threaded section, if needed to achieve a complete
specimen.

e 3.2500 —

— 1.2500 -—

0. 1300
THREAD 5/16-18 RO 1560
All dimensions in inches

Figure 10: Engineering stress-strain specimen geometry
6.2  Slow-Strain-Rate Tensile Testing

SCC susceptibility performance of the material was evaluated using two methodologies: slow-
strain-rate tensile testing and bent-beam SCC, as described below. The SCC susceptibility
performance of the material was evaluated in accordance with ASTM G129 [8]. Slow-strain-rate
(SSR) tensile testing is a standard material test method in which specimens are subjected to
elongation at a constant engineering strain rate of 4x10%/sec. The load was varied to maintain
the constant engineering strain rate. This test qualitatively gauges the effects of local
environmental conditions on SCC behavior, material fracture susceptibility or SCC
susceptibility. Standard tensile type specimens per ASTM G129 (round 0.150-inch diameter,
1.0-inch gage length, Figure 11) were utilized for testing and sectioned from the cladded plate as
illustrated in Figure 12. Specimens only included clad metal. The gage length of the specimens
included material from both clad layers. Testing was performed at both ambient conditions and
the temperature, pressure and environment defined in Table 5. The change in tensile properties
between in-air and tests under HPHT sour-gas environment was used to qualitatively determine
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environmental effects. Table 7 shows the test conditions under which slow-strain-rate tests were
completed.
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Figure 11: Drawing of slow-strain-rate test specimen

Alloy 625
Clad Layer Steel
\ Substrate
Representative Weld
Z [ Overlay}Beads
é I ,'] B, !
é |
% Test Specimen
7
7
7
Figure 12: Slow-strain-rate test specimen
Table 7: Test Details for SSR Tensile Tests
Number of
Test Conditions Specimens
Air environment; room temperature 2
Air environment; 350 °F 2
Sour-gas environment; room temperature; high pressure 3
Sour-gas environment; 350 °F; high pressure 3
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6.3  Bent-Beam Stress Corrosion Cracking (SCC) Testing

Additionally, a semi-qualitative evaluation of the cladding’s ability to resist SCC was evaluated
using a bent-beam test specimen as illustrated in Figure 13. The SCC susceptibility performance
of the material was evaluated in accordance with ASTM G39 [9]. Specimens were ground to a
surface roughness not exceeding 30 pin Ra. Standard four-point, all-clad metal bend specimens,
2 inches x 0.400 inch x 0.125 inch were tested concurrently using stress values based on the
slow-strain-rate test results discussed above. Stress levels were based on a percentage of the
apparent yield load during bending in the test clamp. All SCC tests were completed in HPHT
sour-gas conditions defined in Table 5. The peak load applied to the specimens was 95%, 110%
or 120% of apparent yield load. Three replicates were tested under each of the applied load
values; specimens were held for 30 days in the HPHT environment.

Applied Load Weld beads ran
(half of total at each location) into/out of the page;
specimen was 0.400"
wide (i.e., into the

N page)

Cladding

<—2.000" >l

Figure 13: Four-point bent-beam SCC test specimen
6.4 Fracture Toughness

The fracture toughness (FT) performance of the material was evaluated in accordance with
ASTM E1820 [6]. Fracture toughness describes the ability of a material containing a crack to
continue to absorb and dissipate energy by crack growth, but resist fracture. In this case, the
plastic-elastic fracture toughness, denoted by J;c, was measured and represents the energy
required to grow a thin crack. Fracture toughness is a quantitative way of conveying a material’s
resistance to fracture when a crack is present. If a material has high fracture toughness, it will
probably undergo ductile fracture. Standard compact tension specimens, C(T) [specimen
thickness, B = 0.5 inch; specimen width, W = 1.0 inch], were utilized for testing. Test specimens
were sectioned from the cladded plate as illustrated in Figure 14. Typically, the specimens for
fracture toughness are removed from the parent material such that the entire specimen is of the
parent material. However, two factors did not allow single-material specimens to be used for
testing of the cladding. First, the two-layer cladding, where the fracture toughness was
measured, was only 0.25 inch thick. The crack, illustrated at the base of the machined notch in
Figure 14, must remain in the desired clad layer to test material in that layer. Steel from the
substrate was needed to complete the physical test specimens below the substrate. Secondly, no
material was initially available to complete the physical test specimens above the crack, i.e., the
portion of the specimen that includes the pin loading holes used to apply the load. Inconel 625
was added to the top of the cladding by additive manufacturing (AM) using an SLM 280"" laser-
powder bed fusion AM machine at CTC. After adding the material, the resulting multi-material
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specimen was machined to dimensions consistent with ASTM E1820 as indicated in Figure 15.
During testing in the HPHT sour-gas environment, the steel substrate was protected from
reacting with the environment using a proprietary method developed by DNV.

Weld beads ran into/out of the page; notch
located at edge of neighboring beads

T

O O Inconel 625 added by AM

to complete test samples

—_—

Pre-existing cladding

Steel
substrate
—_—
(a) Cladded Steel Test Blank (b) Completed Test Specimen
Figure 14: Fracture toughness and FCGR test specimens
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Figure 15: Fracture toughness test specimen drawing

The weakest material was assumed to lie at the boundaries between the individual clad passes.
Therefore, specimens were machined, ground and slightly macro-etched to reveal the boundaries
of the clad passes. This allowed the machinist to accurately align the specimen notches with the
edge of a clad pass as illustrated in Figure 16. Fracture toughness testing was performed either at
350 °F in air (to calibrate the test method) or at the temperature, pressure and environment
defined in Table 5. Table 8 lists the final test conditions tested.
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Figure 16: Schematic representation of notch locations for FT and FCGR specimens

Table 8: Details of Fracture Toughness Testing

Notch Location K-Rate* Number
Test Method (Layer) (N-mm~?/sec) | of Tests Notes

Direct Current Potential Lower N/A 1 Tested at 350
Drop (Calibration) Upper 1 °F in air

- Upper 0.085 1
SDIiZ\[I)VI;:IeSrIrr]]gnt Upper 0.016 1 Tested at

Upper 0.0037 1 HPHT sour-

Slow Rising Lower 0.005 1 gas conditions
Displacement Upper 0.005 1

*Values were selected after completion of first round of slow-rising displacement tests. K-rate values were the
highest (among 0.085, 0.016 and 0.0037 N-mm™*?*/sec) leading to consistent behavior with lower K-rate values.
Notch locations for the last two slow-rising displacement tests were used to supplement those from the first set of
three slow-rising displacement tests. They were tested at the layer having the lowest fracture toughness from the
initial slow-rising displacement tests.

K-rate is the time rate of change of applying the stress intensity factor.

In order to characterize the entire J-R-curve (i.e., the curve of crack growth resistance, R, relative
to J, the material’s fracture toughness) it was important to be able to measure the crack length in-
situ using direct current potential drop (DCPD). However, in order to accurately characterize the
crack length using this method in a multilayer system as illustrated in Figure 14, it was essential
that a calibration curve be developed prior to making fracture toughness measurements. The
calibration curve was developed using two tests in-air at 350 °F, one in each of the clad layers to
develop a co-relation between the potential drop signals and the crack length (a). The pre-cracks
for these calibration tests were located at a crack length to specimen width ratio (a/W) of 0.5,
which was similar to the a/W value of 0.5 proposed for the environmental tests.
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Fatigue and fracture toughness measurements were performed on servo electric frames, and the
crack growth was measured using the DCPD technique. A constant current of 4.0 amps was
applied across the crack mouth and the voltage drop across the crack mouth was measured using
a high resolution digital multimeter (DMM). Platinum wires of 40-mil diameter were used for
voltage and current probes. The platinum wires were heat shrunk in polytetrafluoroethylene
(PTFE) to prevent contact with the cell and the solution. The spot weld locations of the probes
on the samples were protected with a coating from Epoxy Systems™ Product 641 to prevent
corrosion around the probes. The measured voltage drop was converted into crack length using
the Johnson equation [21]. The crack mouth opening displacement (CMOD) measurements were
performed using a load line correction.

6.5 Fatigue Testing

Fatigue is defined as the weakening of the test material caused by cyclically applied stress,
typically below the yield strength of the test material. However, to achieve the desired number
of cycles to failure, many fatigue tests were completed with a peak cyclic stress above the yield
strength, but below the UTS, of the cladding.

The fatigue performance of the cladded material was characterized by S-Ns (S = peak cyclic
stress; Ny = number of cycles to failure) fatigue curves. In high-cycle fatigue conditions, material
performance is commonly characterized by an S-N; curve. Given the desire of BSEE to include
low-cycle fatigue (of the order of several hundred to a few thousand cycles), and with the
overwhelming stress-based fatigue design criterion used by the oil and gas industry (as opposed
to strain-related design criterion) [3], all fatigue testing was completed in stress-controlled
conditions. Therefore, significant scatter in the fatigue data was anticipated for the cladding,
which is a welded material. Much of the anticipated scatter is due to the mixed microstructures
common to welded material and discussed in Section 3.0 Pre-Tested Metallurgical Analysis.

Fatigue results are typically graphed as the logarithm (log) of cyclic stress against the logarithm
of cycles to failure. Sinusoidal stress loading was applied during fatigue testing. Testing was
performed in accordance with ASTM E466 [5] using an axially loaded test specimen in stress
control at a test frequency (f) not greater than 0.3 Hz.® Standard axial fatigue coupons (round
0.150-inch diameter, 1.0-inch gage length, Figure 17) were utilized for testing and were excised
from the cladded plate as illustrated in Figure 18.

® The maximum frequency of 0.3 Hz is a specified condition defined in American Petroleum Institute (AP1) 17TR8
[22].
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Figure 17: Drawing of axial fatigue test specimens
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Figure 18: Axial fatigue test specimen of clad material

Testing was performed at the temperature, pressure and environment defined in Table 5. Cyclic
loading was completed at a stress ratio (R, minimum stress [omin] divided by the maximum stress
[omax]) Of 0.13. A single stress ratio was selected due to the limited number of fatigue specimens
tested and the wide scatter expected in the results.” As a result of achieving significantly greater
number of cycles to failure in early fatigue tests, the subsequent specimens were notched via
machining on a lathe. The associated stress concentration factor (K;) for this notch design was
originally 3.0, but to increase the local stress concentration and thereby reduce the number of
cycles to failure, it was changed to a geometry yielding a K; value of 4.0 for the remaining
specimens. Figure 19 shows the dimensions of the notch, which was centered along the length of
the gage area as noted in Figure 17. Therefore, for any nominal stress (defined as the tensile load
divided by the cross-sectional area of the specimen at the base of the notch) greater than 25% of

" More measurements under a given stress ratio increases the reliability of the resulting data trends and the
associated mathematical material models.
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yield strength, the material at the base of the notch was stressed beyond the yield point of the
pre-tested material.

R =0.150 inch /[

AI 60° 0.025 inch

0.0034 inch R

Figure 19: Fatigue specimen notch resulting in a notch stress concentration factor of 4.0

The actual stress levels of the specimens in the HPHT sour-gas environment evolved as the
fatigue data were being generated. This evolution was aided through low-cost (relative to testing
in HPHT sour-gas conditions) testing in air at 2 Hz. From those early in-air fatigue tests, it
became clear that notched specimens were required to meet the desired cycle count of several
hundreds to a few thousands. To achieve the desired cycle count, it became apparent that
nominal stresses approaching the yield strength (YS) of the Inconel 625 cladding were needed.
These first several specimens tested at HPHT sour-gas conditions, however, did not fail until
after several tens of thousands or even several hundred thousand cycles. Therefore, the peak
cyclic stress for subsequent specimens was increased. Eventually, fatigue tests were conducted
with peak stresses above YS, which is not unprecedented for Inconel 625 [23, 24]. The peak
stress condition applied during successive fatigue tests continued to increase until the total
number of desired fatigue tests was completed. The resulting test conditions shown in Table 9
were thereby established.
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Table 9: Fatigue Test Plan

Temperature | Specimen Omax | f
Environment (°F) ID Notched | R | (ksi) | (Hz)
FAT-30 Y 0.13| 60
FAT-9 N 0.13| 60
FAT-32 N/Y 0.13| 60
FAT-35 Y 0.13| 60
0.13 | 52
FAT-13 Y 0.13 | 52
Air 350 0.13 | 52 2
0.13 | 63.7
FAT-16 Y 0.13 | 63.7
0.13 | 63.7
FAT-3 Y 0.30| 60
FAT-33 Y 0.30| 60
FAT-31 Y 0.75| 60
FAT-7 Y 0.13| 52 | 0.3
FAT-7 Y 0.13| 72 | 0.3
FAT-11 Y 0.13| 60 | 0.3
FAT-8 Y 0.13| 60 | 0.1
FAT-10 Y 0.13| 60 | 0.1
HPHgaSSC’“r‘ FAT-2 Y |013]637] 03
500-psia HS 350 FAT-15 Y 0.13|63.7| 0.3
. FAT-15 Y 0.13| 68 | 0.3
500-psia CO,
FAT-14 Y 0.13| 70 | 0.3
FAT-36 Y 0.13| 75 | 0.3
FAT-17 Y 0.13| 8 | 0.3
FAT-4 Y 0.13| 8 | 0.3
FAT-34 Y 0.13| 88 | 0.3

Specimens FAT-7 and FAT-15 were initially tested at the lower of the two stress conditions without failure after a
large number of cycles. The stress level was then increased and fatigue testing was restarted.
Y =yes; N =no

6.6  Fatigue Crack Growth Rate (FCGR)

The FCGR performance of the material was evaluated in accordance with ASTM E647 [7].
FCGR testing, also known as da/dN testing, is a method of evaluating the ability of a material to
grow a crack and then quantifying the rate of the crack growth, where a = crack length, N =
number of cycles and da/dN = the instantaneous crack growth rate. Unlike fatigue testing where
the specimens are initially crack free, FCGR evaluates the safety and reliability of materials by
subjecting the specimen to repeated loading and unloading in the presence of a preexisting crack.
The FCGR test reports the resistance to stabilized crack extension under cyclic loading. The
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Paris law® regime was examined in this evaluation. Standard compact tension, C(T), [B = 0.5
inch; W = 1.75 inches] specimens — see Figure 20 — were utilized for testing and sectioned from
the cladded plate as illustrated in Figure 14. Test details are defined in Table 10. Calibration
testing was completed in air while the bulk of testing was completed in the HPHT sour-gas
environment defined in Table 5.

» 0.788 m
0.500+0.009 Dia
! 0.481+0.009 0.125
1.050:0.009 F 33 50
1.05:::_-&009 _ 1 - 0.368
i . 0.481+0.009 :
W= 1.75040.000 —Lb A -~ B=0,50040.018 3] 1
2.188+0.018 ~ « Jd | 0.008
All dimensions in inches
Figure 20: Drawing of FCGR specimen
Table 10: Details of Fatigue Crack Growth Rate Testing
Notch Location Frequency Number
Test Type (Layer) AK (ksi-in'?) (Hz) of Tests
Direct Current Potential Lower OVer range OVer range 1
Drop (Calibration)* Upper g g 1
Frequency Scan Lower . 1
(Calibration)** Upper Aim: 15-18 0.001-1.0 1
Lower™* Increasin 3
Paris Curves** Upper*** g 0.1 3
AK
Lower 1

*Testing was completed in air at 350 °F.
**Specimens were tested under HPHT sour-gas conditions.
***QOne of each of these specimens yielded no useful data since no crack growth was observed under the tested

conditions.

AK is the change in stress intensity factor.

The FCGR behavior of nickel-based alloys in sour-gas environments was thought to be a strong
function of the frequency at which the tests are performed. Therefore, several tests were
performed at a constant AK and varying frequency. The purpose of these tests was to
characterize the frequency response of the material/environment combination. It was expected
that with decreasing frequency, the FCGR (i.e., the rate of crack extension per cycle) would
increase because of the increased per cycle exposure time creating a potentially thicker passive
film and subsequent dissolution of the fresh metal, which can enhance the FCGR. It was
proposed to perform this test at a high R-ratio of about 0.7 and an intermediate AK in the range of
about 15-18 ksisin*.

® The Paris law region of a FCGR curve is the linear region of the log-log curve of crack growth rate versus the
range of the stress intensity factor.
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In order to characterize the FCGR behavior it was important to measure the crack length in-situ
using DCPD. In order to accurately characterize the crack length using this method in a
multilayer system as illustrated in Figure 14, a calibration curve was developed using two tests
(one for each of the two clad layers) in-air at 350 °F to develop a co-relation between the
potential drop signals and the crack length. The pre-cracks for these calibration tests were
located at an a/W value of 0.35, which was similar to the a/W value of approximately 0.23
proposed for the environmental tests.

7.0 SPECIMEN PREPARATION

Dilution of iron from the substrate plate into the cladding is significant enough to alter the
fatigue and fracture properties of the cladding from those of its reported pure-clad-alloy values
[25]. This effect is also related to the amount of dilution, which changes within each layer of a
multi-layer cladding. Actual dilution effects for material used in the current project were
measured by SEM coupled with energy dispersion spectroscopy (SEM-EDS). A plot of iron
content through the clad layers is presented in Figure 9.

A 48-inch x 20-inch x 1-1/4-inch plate of steel alloy ASTM A387 Grade 22, Class 2 was
procured from Wingate Alloys, Inc. (steel plate manufactured by ArcelorMittal USA) for use in
preparing specimens — see Appendix A for material certification. Inconel 625 cladding was then
applied by Hi-Tech Weld Overlay Group, LLC (Hi-Tech) of Lee’s Summit, MO — an
experienced cladding producer for the oil and gas industry — see Appendix B for the cladding
statement of work. Appendix C is a copy of the clad application certification. Two clad layers
were required to achieve the minimum desired clad-layer thickness of 0.25 inch. After
application of the cladding, the plate was stress relieved by Solar Atmospheres, Inc. in
Hermitage, PA as follows: heat to 1075 °F + 25 °F at a heating ramp up rate of 100 °F per hour;
hold at temperature for 4 hours; and cool at a rate equivalent to air cool to below 400 °F,
resulting in a mean cooling rate of 3.5 °F per minute.

Test specimens for SSR tensile, bent-beam SCC and fatigue testing were extracted with their
axes aligned perpendicular to the application direction of individual clad weld beads (see Figure
21). This direction was selected since it crosses multiple weld beads and is therefore likely the
weakest direction. Test specimens were taken so the test region included 100% clad material.
Individual SSR tensile, bent-beam SCC and fatigue test specimens included material from both
clad layers. Therefore, the measured SSR tensile, bent-beam SCC and fatigue properties were a
composite of the two clad layers.
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Figure 21: Illustration of test specimen orientations as extracted from clad plate
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Test specimens for FCGR and FT were oriented as illustrated in Figure 21 so the cracks would
grow from the top of a given clad layer downward towards the steel substrate. Test specimens
were also oriented so their crack faces would be parallel to the bead application direction as
illustrated in Figure 21. FCGR and FT test specimens required additional material be present
above the cladding. This additional material is needed for the pin-loading holes (see Figures 15
and 20) used to apply the load to the specimen during testing. Initially, using minimum heat
input, CTC attempted to fusion weld wrought Inconel 625 extensions onto the top of a cladded
test piece whose top surface was machined flat in preparation for fusion welding. However,
upon metallurgical examination, the test piece was found to have a significantly different
microstructure (and thereby likely also differing mechanical properties) than the unaltered
cladding. To alleviate the undesirable heat-related metallurgical impact to the cladding, CTC
successfully added the needed material via metal additive manufacturing (AM) on the machined
top surface of the cladding — see illustration of finished specimen in Figure 14. The resulting
clad microstructure on the test specimen was not changed below a thin layer (< 200 microns =
0.008 inch) at the clad/AM material interface. FCGR and FT measurements were made on
material at least 0.050 inch below this interface; therefore, the addition of metal by AM was
noted as a significant success as it allowed testing of metallurgically unaltered clad material in
the desired test orientation. After chemical etching (to reveal locations of individual weld
beads), notch locations were determined. Notches were located at the root of neighboring weld
beads as illustrated in Figure 16. Overall test specimen dimensions were obtained by machining
(i.e., milling). The front and back faces of the specimens were then ground smooth and flat to
reduce surface roughness on the potentially notch-sensitive Inconel 625 cladding to avoid any
stress concentration effects from the earlier machining operations. The notch and pin-loading
holes were then machined via wire electrical discharge machining (EDM). Finally, the FT
specimens were side grooved to the standard 10% of specimen thickness (B) and pre-cracked
according to ASTM Standard E1820 [6]. The grooves helped to keep the crack straight during
testing, thus improving the likelihood of achieving a valid J;c value instead of just a Jq
(provisional estimate for J;c) value.
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8.0 SUMMARY AND DISCUSSION OF RESULTS

Detailed metadata for each of the tests is provided on a compact disc (CD) accompanying this
report. Summarized here are the resulting material properties measured for each of the
properties described above.

8.1  Engineering Stress-Strain Tensile Testing

Material was extracted from the cladding so that it axis was perpendicular to the direction of clad
addition. The specimen was tested according to ASTM E21 [4]. To serve as a needed reference
for the HPHT testing to be completed for other properties, a tensile specimen was tested in air at
350 °F. The specimen was strained at constant rate of 0.005/min to 6—7% strain and then
continued at 0.05/min to failure. This resulted in a 0.2% offset yield strength of 65.9 ksi and an
ultimate tensile strength of 105.6 ksi as noted in Figure 22. These data were used as the basis for
many of the mechanical property test limits selected in the fatigue and fracture testing described
below.
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Figure 22: Engineering stress-strain curve of Inconel 625 cladding at 350 °F
8.2  Slow-Strain-Rate Tensile Testing

Typically SSR tests are performed according to NACE TM0298 [14], which involves performing
tests at a strain rate of 4x10 ®/sec, which is the rate used in the present SSR tests. Specimens
were taken to failure in tension. The resulting stress-strain curves are summarized in Figures 23
and 24. The material yielded at approximately 80 ksi and 70 ksi at room temperature and 350
°F, respectively. Ultimate tensile strength was approximately 118 ksi and 105 ksi at room
temperature and 350 °F, respectively. Higher elongations were consistent with lower flow stress
values. Elongation was reduced from a strain of approximately 45% at room temperature to
about 40% at 350 °F. Little scatter (< 1% around the mean of the test results) was observed for
the in-air tests. However, some scatter in tensile properties (~5% around the mean of the test
results) was observed in the HPHT sour-gas results. For each of the two sets of curves (i.e.,
room temperature and 350 °F), the sour-gas environment did not appear to significantly impact
the mean tensile properties of the Inconel 625 cladding. However, the sour-gas environment
appeared to have increased the scatter in the resulting measurements.
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Figure 23: SSR curves for Inconel 625 cladding at room temperature
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Figure 24: SSR curves for Inconel 625 cladding at 350 °F

Tensile elongation, reduction of area and time to failure results are graphically summarized in
Figures 25 and 26 for room temperature and 350 °F, respectively. This method of displaying the
results focuses on the scatter observed at each temperature/environment condition. All values
are normalized around a value of 1.0. Very consistent values can be seen in air, while the values
under sour-gas conditions demonstrate some scatter, as noted above.
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Figure 25: Normalized elongation, reduction of area and time to failure of Inconel 625
cladding at room temperature

i)
-

O Elongation
O Area
Time to Failure

o
2 104 B X
E Fa
c 0 Clad 625 o
- = 350°F
5 g 150K ppm CI
'E i pH =45
= 5 05 P = 500psia
T § _ R
Q == P.o, = 900psia
X c . 5
° © Strain Rate: 4x107/s
O
1]
(=7}
c
o
Ll

o
o
1
T

L] ¥ I
Air Environment
Condition

Figure 26: Normalized elongation, reduction of area and time to failure of Inconel 625
cladding at 350 °F

Macrographs of selected tensile tests are shown in Figures 27 through 30. Other than the
obvious failure location, no evidence of additional cracking was observed on the surface of these
specimens. SEM images for both a room-temperature and a 350 °F specimen are shown in
Figures 31 and 32, respectively. The fracture surfaces showed no evidence of any secondary
cracking; the fracture surfaces exhibited evidence of ductile fracture with no evidence of brittle
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fracture. The samples showed an extensive orange-peel-like effect due to the crystallographic
texture of clad alloy, which is induced by the significant plasticity consistent with the high strain-
to-failure values.
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(a) SSR-8 | (b) SSR-10 | (c) SSR-11

Figure 27: Macrograph of tensile specimens tested at room temperature in sour-gas
environment
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(a) SSR-1 | (b) SSR-2

Figure 28: Macrograph of tensile specimens tested at room temperature in air
environment
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Figure 29: Macrograph of tensile specimens tested at 350 °F in air environment
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Figure 30: Macrograph of tensile specimens tested at 350 °F in sour-gas environment
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Figure 31: Typical room-temperature microstructure of fracture surface in sour-gas
environment
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Figure 32: Typical 350 °F microstructure of fracture surface in sour-gas environment
8.3  Bent-Beam Stress Corrosion Cracking (SCC) Testng

The specimen loading condition was first determined by plotting the load versus displacement
curve for a typical specimen. From this curve, which is analogous to a stress-strain curve, one
can determine the displacement to put on the test specimens to achieve the desired stress
condition. As seen in Figure 33, the specimen was in elastic stress until 1040 pounds was
exerted by the test frame as determined by an offset from the initially parallel line representing
elastic behavior. The offset line is parallel to the elastic portion of the curve and intersects the
displacement axis at the displacement where the load-displacement curve deviates from linear
elastic behavior. From this yield load, the displacements at 95%, 110% and 120% of apparent
yield load (AYL) were determined. Three replicates were tested under each of these conditions;
specimens were held for 30 days in the HPHT environment. None of the specimens showed
signs of cracking or pitting, indicating minimal attack by the HPHT sour-gas environment.
Figure 34 shows macrographs of specimens from each of the stress levels evaluated.
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Figure 33: Determination of displacements imparted to three sets of SCC specimens

(@) Specimen 2622-3 (b) Specimen 2622-4 (c) Specimen 2622-7
tested at 95% of AYL tested at 110% of AYL tested at 120% of AYL

Figure 34: Macrographs of specimens from four-point SCC bend tests for Inconel 625
cladding subjected to HPHT sour-gas conditions for 30 days

8.4  Fracture Toughness Testing
As mentioned earlier, to determine the crack length during testing under sour-gas conditions, an

electrical current was passed through the specimen and the potential drop used to determine the
crack length. This requires that a calibration run be completed, especially for the mixed metals
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of the specimens tested in this project. The calibration routine was completed in air at 350 °F,
with the results shown in Figures 35 and 36 for the upper and lower clad layers, respectively.
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Figure 35: Fracture toughness calibration curve (crack extension versus time) for the
upper Inconel 625 clad layer
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Figure 36: Fracture toughness calibration curve (crack extension versus time) for the
lower Inconel 625 clad layer

Using the above calibration curves, fracture toughness specimens were tested under the HPHT
sour-gas conditions defined in Table 5. Three fracture toughness specimens were tested from the
upper layer while only one specimen was tested from the lower clad layer. The three specimens
from the upper clad layer were tested at varying K (stress intensity factor) rates to establish a K-
rate value for subsequent fracture toughness testing. The resulting J values are listed in Table
11. Several values are shown, corresponding to various positions on the J versus Aa (change in
crack length) curves shown in Figure 37. There did not appear to be a significant sensitivity to
K-rate. The initiation toughness of the lower clad layer is slightly higher with a Jy, value of 247
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N/mm. The R-curve of the lower layer exhibits a much shallower slope compared to the upper
layer, suggesting slightly higher susceptibility to crack propagation. One fracture toughness
specimen failed to provide meaningful data, while the final two fracture toughness specimens
were used to generate the calibration curves for subsequent tests.

Table 11: Fracture Toughness Results in HPHT Sour-Gas Environment

Specimen | Notch K-rate Jih Jo2 mm J1.0mm JMaxLoad
ID Location | (N/mm %) | (N/mm) | (N/mm) | (N/mm) | (N/mm)
Value at
Valueat0.2 | Value at 1.0 .
Fracture Toughness Measure Threshold | 255 | mm cMOD Mali((l)rarljum
FT-6 Upper 0.085 168.8 192.8 275.8 -
FT-7 Upper 0.016 234.9 325.4 642.0 4743
FT-8P Upper 0.0037 160.7 253.8 604.7 300.7
FT-9 Lower 0.005 247 344 576 380
Load vs. CMOD 625 Cladding J-R Curve 625 Cladding
25000 . . . . . . . . 150 o T T
350°F 1400 O JRFT-5 Top layer, Krate 0.085 Hmm ™/
Pigs = 500psia 1 1300 O R FT-8p Top layer, Krate 0.0037 Mmm ™y
20000 - Pe, =500PSi2 | 1200 O J-RFT-7 Top layer. Kiste 0.018 Nmm /s 1
e 1100 | O R FT-0 Bottom layer, Krate 0.005 Nmm ™y |
— 1000 A50°F
~ 15000 - P = 500psia o
Z 7 E 8O0 ] Bipe = #00psia
3 J = e L NaC! = 150K gpn |
S 10000 - a0 i OpH=s5 |
7 500
eoritical Compliance 1 404
5000+ I:ad-(;M(;[c) Nopll\lolch JCT 304 ~ S .
FT-6 Top Layer, Krate=0.085 Nmm*s 200 Sl EEEEE
[=——FT-8PTop Layer, Krate=0.0037 Nmm®s
0 FT-7 Top Layer, Krate=0.016 Nmm™/s 100
—=FT-9 Bottom Layer, Krate=0.005 Nmm™s 1 T T T T T T T T
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(a) Crack-mouth opening displacement (CMOD) (b) J-R curve

Figure 37: Fracture toughness results

With no evidence of load drops in the upper layer, ductile tearing in this clad layer is likely
occurring. Figure 38 shows an SEM image of the fracture surface of Specimen FT-6, a specimen
tested in the upper clad layer. Figure 39 shows similar information for Specimen FT-9, which
was tested in the lower clad layer. No sign of intergranular or transgranular cracking was
observed; however, ductile voids can be seen as the crack front advances from the fatigue pre-
crack. This suggests that the clad layers are not susceptible to environmentally assisted cracking
under the tested conditions. The above results compliment the results from the SSR and 4-point
bend SCC testing, which indicated that there was no measureable susceptibility to
environmentally assisted cracking under the tested conditions. Testing at high levels of plastic
deformation both in the unnotched (SSR and 4-bend SCC at applied stress greater than yield
strength) as well as notched condition (fracture toughness) suggests that under the test
conditions, clad Inconel 625 appears to be very resistant to SCC. Higher threshold values on the
lower layer could be a result of a slightly higher YS closer to the fusion line. The lower layer J-

33



R curve (see Figure 37(b)) is significantly “flat” as the crack tip advanced towards the fusion
line.

atigue Pre-Crack

Figure 38: SEM image of fracture surface of upper layer fracture surface
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Fatigue Pre-Crack

Figure 39: SEM image of fracture surface of lower layer fracture surface
8.5  Fatigue Testing

Table 12 summarizes the results of fatigue testing. Early in the execution of the fatigue tests
smooth-walled fatigue test specimens (FAT-9 and FAT-32) were evaluated in air. Neither of
these specimens failed within the desired number of load cycles (several hundreds to several
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thousands). Specimen FAT-32 along with two other specimens (FAT-30 and FAT-35) were then
modified by machining a notch at the mid-length of the test region (as noted in Figure 17) to a
notch sensitivity of 3.0 by machining a notch having a root radius of 0.005 inch. As with the
earlier tests, none of these fatigue specimens failed within the desired number of cycles. Other
specimens were then machined with a notch having a 0.0034-inch root radius and tested. (CTC
considered machining a notch root radius less than 0.0034 inch too risky as minor machining
errors consistent with machining variability would lead to undesirable variations in the test
results.) In addition, the peak cyclic stress was also increased in an attempt to achieve the
desired number of cycles to failure. While none of the specimens tested in air met the desired
number of cycles to failure, as noted in Table 12, the test team agreed to use the findings of the
in-air tests and apply them to testing in HPHT sour-gas conditions. The early testing was
completed on specimens with the peak cyclic stress below the yield strength of the Inconel 625
cladding. Failure within the desired number of cycles was not achieved. Subsequent tests were
completed at increasingly higher values of peak cyclic stress. Eventually, the peak cyclic stress
during testing exceeded the yield strength of the Inconel 625 cladding. As the peak cyclic stress
was increased to 88 ksi (the maximum peak cyclic stress tested, which was 134% of yield
strength), the desired number of cycles to failure (N;) was achieved, as noted in the results of
Specimen FAT-34 in Table 12. When pristine data® are plotted on a log-log scale, the trend
looks well behaved — see Figure 40. Three curves are shown here: 1) the best-fit linear
relationship (labeled Ny), 2) the best-fit, lower-bound linear relationship using one-sided statistics
with 97.5% confidence (labeled Nt g750) and 3) the best-fit, lower-bound linear relationship using
one-sided statistics with 99% confidence (labeled Ntgg0). Using a method defined in Reference
26, the linear relationships using the best fit and the one-sided statistics were defined.

® Pristine data are those from HPHT sour-gas test environment that 1) progressed to failure using only one peak
cyclic stress value and one R value, 2) experienced no anomalies during testing and 3) were tested at a frequency of
0.3 Hz.
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Table 12: Fatigue Test Results

Temperature | Specimen Omax | f
Environment (°F) ID Notched | R | (ksi) | (Hz) | Nf(Actual) | Failure
FAT-30 Y 0.13| 60 580,129 Y
FAT-9 N 0.13| 60 25,206 N
FAT-32 N/Y 0.13 | 60 488,715 Y
FAT-35 Y 0.13 | 60 2,163,834 N
0.13 | 52 145,526 Y
FAT-13 Y 0.13 | 52
Air 350 0.13 | 52 2
0.13 | 63.7 249,025 Y
FAT-16 Y 0.13 | 63.7
0.13 | 63.7
FAT-3 Y 0.30| 60 2,334,719 N
FAT-33 Y 0.30| 60 80,267 Y
FAT-31 Y 0.75| 60 10,460,808 N
FAT-7 Y 0.13| 52 0.3 | 1,629,040 N
FAT-7 Y 0.13| 72 0.3 25,523 Y
FAT-11 Y 0.13| 60 | 0.3 101,060 N
FAT-8 Y 0.13| 60 | 0.1 162,138 Y
FAT-10 Y 0.13| 60 | 0.1 32,461 Y
HPH;aSS"”r' FAT-2 Y |013]63.7] 03| 50836 Y
500-psia HyS 350 FAT-15 Y 0.13 | 63.7| 0.3 | 1,425,360 N
. FAT-15 Y 0.13 | 68 0.3 27,312 Y
500-psia CO,
FAT-14 Y 0.13| 70 | 0.3 18,600 Y
FAT-36 Y 0.13| 75 0.3 132,927 N
FAT-17 Y 0.13| 85 0.3 16,332 Y
FAT-4 Y 0.13| 85 0.3 11,445 Y
FAT-34 Y 0.13 | 88 0.3 4,852 Y

Specimens FAT-7 and FAT-15 were initially tested at the lower of the two stress conditions without failure after a
large number of cycles. The stress level was then increased and fatigue testing was restarted.
*Only the number of cycles to failure after notching is shown for Specimen FAT-32.
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Figure 40: Curve fit to fatigue test results using pristine data for Inconel 625 cladding
under HPHT sour-gas conditions

As other HPHT sour-gas fatigue data are plotted, they align very well with the trend of the
pristine data. These added data points can be seen in Figure 41, where the red dots represent two
specimens (FAT-7 and FAT-15) that were “uploaded” and the green stars represent fatigue tests
completed at a frequency of 0.1 Hz. Uploading is when a specimen tested at a certain peak
cyclic stress level that has not yet failed is restarted at a higher peak cyclic stress level. This was
done to Specimens FAT-7 and FAT-15 as a result of observing no signs of imminent fatigue
failure at the initially applied stress values after more than 1,000,000 cycles. Rather than
continuing to test under conditions that far exceeded the desired number of cycles to failure,
completing the testing at a higher peak cyclic stress provided some insight on the fatigue results
from increased peak cyclic stress. Only the number of cycles at the higher stress level is shown
for these specimens in Figure 41. The linear relationships shown in Figure 41 are identical to
those in Figure 40; in other words, the statistical curves were not altered, but are included in
Figure 41 for reference.
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Figure 41: Curve fit to fatigue test results using all data for Inconel 625 cladding under
HPHT sour-gas conditions

8.6  Fatigue Crack Growth Rate (FCGR)

After completing the calibration testing, frequency scans were taken for specimens in both the
upper and lower clad layers. Fatigue crack growth rate frequency scan tests were performed at a
constant AK of 25 ksisin*? and Kpax of 42.5 ksi*in'’? on both the upper and lower layers of the
Inconel 625 cladding. Results of these frequency scans are summarized in Figure 42, which
shows an increase in FCGR as the test frequency decreases. This may be due to selective attack
on the cladding by the HPHT sour-gas environment. However, at the very lowest scan
frequencies (i.e., those approaching 0.0001 Hz), static crack growth and/or increased HPHT
exposure may be contributing significantly to the crack growth rate. Note also that the crack
growth appears to be higher (by an order of magnitude) on the lower clad layer, i.e., the more
diluted, layer. This suggests that crack growth may significantly accelerate in fielded equipment
once an exterior crack has penetrated through the outer clad layer into the lower, more highly
diluted, clad layer. While testing at low frequencies is desirable to more closely mimic the
conditions experienced during oil and gas exploration and extraction, testing at frequencies
approaching 0.0001 Hz is not practical as this represents one cycle for every 10,000 seconds or
one cycle every 2.8 hours. Therefore, the majority of FCGR tests were completed at a test
frequency of 0.001 Hz.

DNV attempted to determine a set of Paris law curves under increasing 4K conditions, starting at
an initial 4K of 12-15 ksiein"? and R-ratio of 0.4. Based on the results above, DNV attempted to
run the test at 1 mHz. However, in performing these tests on both the upper layer and lower

layers no crack growth was observed. Subsequently a test was performed at a constant R-ratio of
0.4 at a high 4K of 25 ksisin*2. The FCGR appeared to decrease sharply as 4K was reduced.

The test frequency was then increased to 0.1 Hz and 4K increased to determine if it was possible
to sustain crack growth; however, it appeared that the crack was not able to reinitiate the growth.
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Another test was performed starting at a high 4K at a test frequency of 1 mHz. This test
exhibited sustained fatigue crack growth rate until 800 Nemm 2 (23 ksisin*?).
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Figure 42: FCGR frequency scans of Inconel 625 cladding under HPHT sour-gas
conditions

Of the FCGR tests completed, only one in the lower layer and two in the upper layer provided
valid results, which are shown in Tables 13 and 14, respectively. Values in Table 13 were
developed with a constant Knax and variable AK (change in stress intensity factor). For these
data 4K and R are not independent. Values in Table 14, the upper clad layer results, had two
useful FCGR data sets. The first, from Specimen FCGR-8P, used a constant R value of 0.4 and
the maximum and minimum stress intensity factors, Knax and Knin, respectively, were varied.
The second group, from Specimen FCGR-11 was developed with a constant Knax and variable
AK. Values of 4K and R from FCGR-11 are not independent. Data in both Tables 13 and 14 can
be used in lookup table methods to predict FCGR behavior under similar fatigue behavior in
Inconel 625 clad onto ASTM A387 Grade 22, Class 2 steel substrate.
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Table 13: FCGR Results for the Lower Clad Layer

AK (Nemm ™) da/dN (mm/cycle) Aa (mm) R
Change in crack .
Crack growth rate length Ratio Of Kin 10 Koax
Specimen FCGR-9 — tested at constant Kax 0f 1470 Nemm >
1279.3 0.00101 0.5591 0.130
1267.5 0.00226 0.1328 0.138
1250.5 0.00233 0.06833 0.150
1234.3 0.00241 0.04191 0.160
1219.4* 0.00829 0.1930 0.171
1219.4* 0.01371 0.02870 0.171
1194.0 0.00140 0.03175 0.188
1176.9 0.00100 0.03302 0.200
1158.8 8.00E-04 0.05080 0.212
11395 7.50E-04 0.06274 0.225
1119.0 7.00E-04 0.03556 0.239
1097.3 6.00E-04 0.03353 0.254
1074.2 5.84E-04 0.03378 0.269
1049.7 5.20E-04 0.03429 0.286
1023.7 4.30E-04 0.03454 0.304
996.1 4,00E-04 0.03478 0.323
966.7 3.00E-04 0.03505 0.343
935.6 2.70E-04 0.03353 0.364
709.3 2.00E-05 0.03404 0.518
605.5 3.00E-05 0.03327 0.588

*These values far exceed the trend of the other data.
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Table 14: FCGR Results for the Upper Clad Layer

AK (Nemm ™) da/dN (mm/cycle) Aa (mm) R
Change in crack .
Crack growth rate length Ratio Of Kin 10 Koax
Specimen FCGR-8P — tested at a constant R-ratio of 0.4
897.5 3.87E-04 0.03556 0.4
832.3 2.07E-04 0.04572 0.4
817.4 1.84E-04 0.03962 0.4
802.2 2.61E-04 0.08661 0.4
786.2 1.82E-04 0.07010 0.4
744.8 2.00E-04 0.07137 0.4
611.4 2.18E-04 0.14376 0.4
600.5 1.81E-04 0.07087 0.4
589.7 3.46E-05 0.07493 0.4
583.1 3.01E-04 0.07315 0.4
549.3 1.55E-04 0.02296 0.4
517.2 3.87E-04 0.07087 0.4
Specimen FCGR-11 — tested at constant Kmax of 1470 Nemm—3/2

1279.3 0.01842 0.363982 0.13
1279.3 0.02442 0.109982 0.13
1258.4 0.0109 0.049022 0.14423
1237.0 0.01677 0.073914 0.15878
1215.3 0.00688 0.030988 0.17355
1195.6 0.02045 0.089916 0.18693
11745 0.01413 0.0635 0.20126
1154.9 0.01135 0.051054 0.2146
1132.5 0.01553 0.068326 0.22985
1109.1 0.01871 0.084074 0.24577
1084.9 0.02019 0.0889 0.26224
1059.7 0.01501 0.067564 0.27937
1032.3 0.02301 0.103632 0.29797
1002.7 0.01959 0.086106 0.31812
971.3 0.01304 0.058674 0.33946
936.2 0.00491 0.021599 0.36338
898.3 0.01326 0.05969 0.38911
858.4 0.0034 0.014977 0.41626
817.6 0.00103 0.004653 0.444
774.3 4.34E-04 0.001908 0.47341
730.7 0.00377 0.016954 0.50307

FCGR results are presented in Figures 43 and 44 in log-log format, for the lower and upper clad
layers, respectively. The trend shown in the lower clad layer is strikingly well behaved. The
individual values are well represented by a straight line fit in log-log format. However, the
results from the upper clad layer show some scatter, as expected for welded metal, around the
best-fit straight line.
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Figure 43: Summary of FCGR for the lower clad layer under HPHT sour-gas conditions
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Figure 44: Summary of FCGR for the upper clad layer under HPHT sour-gas conditions

9.0 CONCLUSIONS

Based upon the findings, the following conclusions are offered.

1. The data provided in this report are a good start towards having a broad collection of
publically available fatigue and fracture data for use by designers, failure analysts and
regulatory bodies within the oil and gas exploration and extraction industry for clad
components subjected to HPHT sour-gas conditions.
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No observable cracking or pitting was observed in any of the SCC specimens (three
replicates each were tested at 95%, 110% or 120% of apparent yield load), which were
subjected to the HPHT sour-gas environment for 30 days.

Fatigue and fracture differences were noted between the inner and outer layers of the
two-layer weld cladding evaluated in the present project. The differences can be
attributed to the iron (Fe) dilution that primarily occurred in the inner layer. Treating
each clad layer as a “separate” material in fatigue and fracture assessments is justified.
Slow strain rate tensile tests performed in the HPHT sour-gas environment did not show
any evidence of environmentally assisted cracking. The fracture surface exhibited a
ductile failure mode with no measureable evidence of attack by the Inconel 625 cladding
from the HPHT sour-gas environment.

Fracture toughness tests performed in air and sour-gas environments in both the upper
(low Fe dilution) and lower (high Fe dilution) Inconel 625 clad layers indicated the
fracture toughness of both clad layers is high (threshold value of J > 240 N/mm in the
lower clad layer and J ~ 190 N/mm in the upper clad layer, where J is fracture
toughness). Plane-strain plastic-elastic fracture toughness (Ji, defined as the J value at a
crack mouth opening displacement of 0.2 mm) averaged 257 N/mm for the upper clad
layer; the singular J,c value for the lower clad layer was 344 N/mm. The fracture surfaces
exhibited ductile features, suggesting that neither clad layers were susceptible to
environmentally assisted fracture.

FCGR frequency scan tests on both the upper (low Fe dilution) and lower (high Fe
dilution) Inconel 625 clad layers did not exhibit a strong frequency dependence between
1 Hz and 3 mHz. However, between 1 mHz and 0.1 mHz, FCGR increased by about
100x. Although this suggests that chemical attack occurs at the crack tip, thereby making
the material more susceptible to crack growth over time, effects of static growth rate,
especially at the lowest test frequencies, may also have played a role in the increased
FCGR at low test frequencies. During frequency scans, the lower layer (i.e., the one
more highly diluted with substrate material) was found to have a higher FCGR by about
an order of magnitude (i.e., 10x) over the upper layer. When the material was tested in
the Paris law region, the FCGR of the lower layer was about twice that of the upper layer.
These results suggest any crack that starts from the exterior of a cladded component may
accelerate its growth rate once the outer clad layer has been completely penetrated and
the crack grows into the lower clad layer.

. To achieve failure within a few hundred to a few thousand cycles, cyclic fatigue
specimens must be notched with a stress concentration factor of about 4.0 and subjected
to nominal stresses that exceed yield. (For the Inconel 625 cladding evaluated here, the
measured 0.2% offset yield strength at 350 °F was 65.9 ksi.) Preliminary fatigue tests on
smooth bar tests resulted in runouts, after which additional fatigue tests were performed
on notched specimens. Fatigue failures occurred between 4000 to 10,000 cycles in the
peak cyclic stress range of 60 to 88 ksi. The log-log relationship between the number of
cycles to failure and peak cyclic stress followed a linear relationship with minimal scatter
around the best-fit curve, which included peak cyclic stresses both below and above the
Inconel 625 cladding yield strength.

. While the HPHT sour-gas environment may lead to greater scatter (~5%) in tensile
elongation, reduction of area and time to failure during slow-strain-rate testing, the mean
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values of these tensile properties were not significantly altered (~1%) from values
measured in air at 350 °F.

9. Additive manufacturing methods were useful for providing material to the top of cladding
without impairing its original microstructure/mechanical properties and enable physical
completion of fracture and FCGR specimens.

10.0 RECOMMENDATIONS

1. Additional testing of material made by other clad vendors (and from multiple iterations of
cladded materials from any given vendor) would provide information on the expected
variability in fatigue and fracture behavior of cladding during oil and gas exploration and
extraction. Future efforts should consider a test summary as defined in Appendix A.

2. Similarly, while cyclic fatigue testing was completed at a single stress ratio (R = 0.13),
completing additional cyclic fatigue tests at other stress ratios (and possibly with other
than sinusoidal stress versus time cycles) would provide the industry with additional
valuable data.

3. Since other cladding alloys are either being used or are being considered for use by the
oil and gas exploration and extraction industry, complementing the present work by
assessing the fatigue and fracture behavior of these other materials would also benefit the
industry.

4. To determine low-cycle stress-based fatigue curves for common cladding materials, the
test should start with nominal peak cyclic stresses just above and just below the yield
strength of the cladding.
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APPENDIX A: CERTIFICATION FOR SUBSTRATE PLATE
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APPENDIX B: CLADDING STATEMENT OF WORK

Concurrent Technologies Corporation (CTC) will supply a steel plate (ASTM A387 Grade 22)
with approximate dimensions of 48 in x 22 in x 1.25 in. The vendor shall clad one face of the
steel plate with Inconel 625 alloy using the weld overlay process. The following scope of work
shall be performed to produce the weld overlay.

1.

U~ wmN

Fabrication welding and welders/welding operations should be qualified in accordance
with applicable internationally recognized standards such as ASME Section IX,
ANSI/NACE MR0175/1SO 15156, or equivalents.

Prepare and clean one (1) face of the steel plate for weld overlay deposition.

The overlay weld shall be made using Alloy 625 weld wire (ERNiCrMo-3).

Apply weld overlay over an area of 48 in x 20 in on the face of the steel plate.

The weld overlay must run in the longest direction of the steel plate.

The final weld overlay shall be near flat and must have a minimum thickness of 0.25
inches. The cladded plate shall not be machined.

Surface inspection of the weld overlay shall be conducted to detect surface imperfections
via penetrant inspection in accordance with applicable ASME or ASTM standards for
non-destructive inspection (NDI).

The steel plate with the un-machined weld overlay surface shall be sent to Juan J.
Valencia, CTC, 128 Industrial Park Road, Johnstown, PA 15904-1942. CTC will
complete final stress relief.

The process parameters used to create the weld overlay shall be provided with the
cladded plate.

SCHEDULE AND DELIVERABLES FOR CLAD PLATE

The manufacturing facility shall provide a sound un-machined weld overlay steel plate. Also,
both an electronic and hardcopy of the welding procedures, wire weld material certificates and
NDI results in accordance with the reporting requirements of the applicable specifications shall
be provided to CTC.
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APPENDIX C: WELD OVERLAY CERTIFICATION

@‘ Hi-Tech Weld Orverlay €iraup,

1695 SE Deckes 51
Lee's Summit. MO 64081

Welding Procedure Specilication (WES)

WES Mo CRO F43-PSA H Date: _10/472000 Rev. No.: 0 Pape 10f2
Supporting PORE): _625-PSA 26
Welding Typeish: (1) ! und Muchine
Joint Design (W02}
Weld Type: Cogrosion resistant overlays
WELD JOINT DESCRIPTIONS SHOWN ARE NOT INCLUSIVE OF ALL THOSE FOUND ON A JOB. WELD JOINT DESIGN
REFERENCE IN AN ENGINEERING SPECIFICATION OR A DESIGN DRAWING SHALL TAKE PRECEDENCE OVER WELD
JOINTS SHOWN IN THIS WPS.
Iaso Metals (QW-403)
PN, A _ Thickauess Kunge: nas
Preheat ((W-408) Pastweld Heat Treatment (QW-407)
Miui ' 400 F PWHT Type: _PWHT below lower
Maximem Interpass Tempersture: 550 F WHT : 1250 F
Prehes Mai i PWIIT Holding Time: 1.0 hr.fin., 0:25 hr. mininum
Heat pads o mschid tarch
Initial and Tnterpass Cleaning: _With stainless chean aren 4o be overliyed.
Mothod of Back Gouging: _Remove overlay defects by grinding only.

We cenify that the statements in this record are comect and that the test welds were prepared, welded, and tested in accordance with the
requirements of Section IX of the ASME Cada.
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T Hi-Tech Industrial Services, Inc.
1695 SE Decker St
Lee™s Sumamt, Mo, 6408 |
Procedure Qualification Record (FQR)
POR Moo 625-PSA 26 Date: WNIZOI0 WPS Mo 4 Page 1 of 2
Welding Process(es) / Type(sp: (1) GMAW / Muchine
Joint Design (QW-402) Base Metals (QW-403)
Weld Type: o sesistant overlay ification Type amd Girmle:
SA-IRY, Grade 21, CL 2
P-Mo. A Group No. 1 _
Thickness (in.}: 0.25
Preheat (QW-40t)
Minis Prcheat 400 °F
Preloean Mai “Temngeribinne ciayomns
Muximum Interpasy Temperature: 600 F
Madntained prehear nsing heating pads,
Paostweld Heat Treatment (QW-107)
Type: PWHT below lower temp.
PWHT Temys 1250 -1350 B
PWHT Holding Time: 0.25 hr.
Amblent 1o 200°F al 8 mederaie mis, Fio 1250°T
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A-No, or Chemicnl Composition: NIA Welding Detaily
Faller Metul Trade Name: Inconel 625 Filler Metal Sizo (in.): 0.045 I 0.045 -
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Troiling: Mone it - CFH Mossle / Ges Cup Skee: S8
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O i N
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Multiple or Single Layer{s): Multiple layer
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Hi-Tech Indusirial Services, Ine.
Pracedure Qualification Recard (PQR)

POR No.: _625-PSA 2G Page 2 of 2
Guided Bend Tests (QW-160)
[ Type and Figure No. I Result Type and Figure No. [ Result |
Perpend. per QW-453 Acceptuble Perpend. per QW-453 Asceptable
Perpend. per QW-453 A bl Porpend. per QW-453 A bl
Visual Ko Indi
Liguid Penetront Test: _Suti pec QW 195.2
Macro-Exnmination Test: _Nope
Chemical Analysis: _Cu0,03%, Cr=21.20%, Mo=g.71%, Nia61 64%, Sinl) 04%, P 008%, §<0.005%, Fead. 576, ALa0.32%
Ti=0,31%, Nb=3.53%, Cu<0.0]1%, Coc0.01%
Wekder's Name: _Hubba), Jason LD Q7 Stamp No.:_07
PQR was done and welding of coupon was witnessed by: _Hi-Tech Industrial Services, Inc.
Test by: _Shermy labs Lab Test Now: _10100059-002-v1
We cortily that m tus record and that the test welds were prepared. welded, and tested in accordance with the
requirements of Section 1X of the ASME Code.
Accepted uy:ﬁw 112010 €0 Manager
el Burkin [

N.D.E. V.T. REPORT

H-Tech Industrial Services Inc.
1685 SE Decker St.

Lee's Summit, Mo. 64081
Customer Name: Concurrent Technologies Corporation  |Job Number: 4018
128 Industrial Park Road Johnstown PA, 15904

Unit Number:
Unit  1D: Test Coupon
Examination Technigue: _|Light Intensity Measurement: (1000 lux min )
Procedure Number: VT-1, Rev 1 500 Watt Quartz Light

> 2500 lux at 24"

Identification of area examined:
48"x 20" overlayed plate after 1st pass of Inconel 625

Examination results ( location of rejected indications or area free from indications)

2 rejectable indicati found and repaired after which no indications found

,,Zg)é& 3/10/2016 0409-016

[s] or gignature Date Cert. #
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M.D.E. D.P.T. REPORT

Hi-Tech Industrial Services, Inc
1695 Decker Street
Lees Summit, MO 64081 S ——

Customer Mame: Concurrent Technologies Corp Job Mumber: 4018
Unit Number:
Penetrate Type: Color Contrast Procedure Number: P.T.- DPT-1 Rev. 2

Brand Name: Spot Check B Examination Technique: Direct
Manufacturer : Magnafiux
Batch No.: Light i {100 fc min.) 100 fc

Identification of area examined:

48"x20" plate with a double pass of 625 inconel overlay

Examination results (location of rejected indications or area free from indications):

Mo rejeclable indications noted at time of examination.

£
e 3M14/2016 0408-016
e Signature Lavel Date CERT. #
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APPENDIX D: HEAT TREATMENT REQUIREMENTS
Stress Relief of Cladded Inconel 625 on ASTM A387 Grade 22 Steel Plate
Statement of Work
2016-03-14

SCOPE OF WORK

Concurrent Technologies Corporation (CTC) is requesting to conduct stress relief treatment of a
steel plate cladded with Inconel 625 alloy. The steel plate (ASTM A387 Grade 22) has

approximate dimensions of 48 in. x 22 in. x 1.25 in. and one face has the cladded a layer. The

Inconel 625 cladded layer has a thickness of approximately 0.3 in and it was produced by the

weld overlay process. The stress relief shall be conducted using the following parameters.

1.
2.

o 0 b~ w

The stress relief of the plate shall be conducted in vacuum or in an inert atmosphere.

The furnace atmosphere shall be completely free of sulfur, sulfur compounds and other
contaminants such as carbon, phosphorous, lead, zinc and carbon containing compounds.
Prior to stress relieving the plate shall be free of oil, grease and other contaminants.

The plate shall be in a horizontal position with the cladding face up in the furnace.

No paint or ink markings shall be made on the cladded plate

The cladded plate shall be stress relieved at 1075 °F £ 25 °F and held for 4 (four) hours at
temperature.

The heating ramp up shall be at 100 °F per hour.

The cooling rate shall be equivalent to air cool to below 400 °F.

The stress relieved plate shall be properly crated and shipped to CTC at the following
address.

128 Industrial Park Road
Johnstown, PA 15904-1942
Attention: Juan Valencia

SCHEDULE AND DELIVERABLES

The heat treating facility shall provide the cladded steel plate clean and damage free. Also, an

electronic and/or hardcopy of the thermal history during the stress relief process shall be
provided to CTC.
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POINTS OF CONTACT
CTC technical point of contact information is provided below. The test facility shall identify

their technical POC upon award of purchase order.

Juan J. Valencia Michael Tims

Concurrent Technologies Corp. Concurrent Technologies Corp.
100 CTC Drive 100 CTC Drive

Johnstown, PA 15904-1935 Johnstown, PA 15904-1935
Phone/Fax: 814-269-2552 Phone/Fax: 814-269-2515
valencia@ctc.com tims@ctc.com

56


mailto:valencia@ctc.com
mailto:tims@ctc.com

APPENDIX E: HEAT TREATMENT CERTIFICATION

P T | AR Solar Atmospheres of Western PA Order No.: 109330

' ' . . Date: 04/04/2016
-~

ATMOSPHERES INC, Certlﬁcatlon Entry Date: 03/30/2016
To: Page: 1 of 1
CONCURRENT TECH. CORP
100 CTC DRIVE Purchase Order No.: 160300129
JOHNSTOWN, PA 15804-1935 Packing List No.:

1 Material: INCONEL 625

All work performed subject to Solar Atmospheres Terms Of Sale as presented on form TOS-SAWPI.

Quantity [ Part Number / Part Name / Part Description | Pounds
1 MATERIAL INCONEL 625
CLADDED STEEL PLATE
REQ: VAL3211403 / 48" X 1.5" X 22'

Insp. Type Scale Minimum Maximum Number Other

Customer Requirements:

Visual

THIS IS TO CERTIFY THAT THE ABOVE LISTED PARTS WERE PROCESSED IN ACCORDANCE WITH YOUR PURCHASE ORDER
REQUIREMENTS AND SCOPE OF WORK 1.0 DATED 03/14/2016.

FURNACE RUN#: 70-9098-6004
RAMPED AT 100°F (MAX.) TO 1075°F +25°F

HELD AT 1075°F +25°F FOR 4 HOURS +10 / -0 MINUTES
ARGON COOLED

This certification is no guarantee of material performance, properties, or Jack Hardesty
microstructure. Mechanical, physical, and/or metallurgical testing is not

5 el Special Projects Coordinator /
erformed unless specifically itemized on vour urchase order to Solar
ey oec el el SOLAR ATMOSPHERES INC.

The recording of False, Fictitious, or Fraudulent statements or entries on this document may be punished as a felony under
federal statutes including FEDERAL LAW. TITLE 18, CHAPTER 47.

30 Industrial Road Hermitage pa 16148 Phone: 724-982-0660 Fax: 724-982-0593
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