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Executive Summary

The report presented herein summarizes results of the research study titled, “Determine New
Design and Construction Techniques for Transportation of Ethanol and Ethanol/Gasoline Blends
in New Pipelines” (WP #394 / DTPH56-09-T-000003). It was prepared for the United States
Department of Transportation, Pipeline and Hazardous Materials Safety Administration, Office
of Pipeline Safety.

The technical tasks in this study included activities to characterize the impact of selected
metallurgical processing and fabrication variables on ethanol stress corrosion cracking (ethanol
SCC) of new pipeline steels, develop a better understanding of conditions that cause
susceptibility to ethanol SCC in fuel grade ethanol (FGE) to support better monitoring and
control, and develop data / insights to provide industry-recognized standards and guidelines to
reduce the occurrence of ethanol SCC. This research was approached through a collaboration of
Honeywell Process Solutions (Honeywell), the Edison Welding Institute (EWI), and Electricore
Inc. (prime contractor) with oversight and co-funding by the Pipeline Research Council
International (PRCI) and Colonial Pipeline. Program tasks were:

Phase | Task Title

I 1.1 Evaluation of Steel Microstructure on Ethanol SCC Resistance
1.2 | Effects of Welding and Residual Stress

1.3 Evaluation of Surface Treatment Effects

1.4 Evaluation Effects of Pipe Manufacturing Process

1.5 Specification of Polymeric Materials for New Construction

II 2.1 Control and Monitoring of Oxygen Uptake

2.2 Internal Corrosion Monitoring

2.3a | Standardization of SCC Test Method

2.3b | Roadmap for Industry Guidelines for Safe and Reliable Pipeline Handling of
FGE

Task 1.1 Evaluation of Steel Microstructure Effect on Ethanol SCC Resistance evaluated
metallurgical processing of pipe materials and steel microstructures to determine if low carbon
steels, such as modern X-70 and X-80 steel grades have a higher resistance to ethanol SCC than
older, higher-carbon steels such as API X42 to X65 (pipe steels) and ASTM A53, A36 and A106
(plate steels) utilized in previous studies. This task comprised of slow strain rate (SSR) tests as
the primary vehicle to study SCC behavior. The results in terms of SSR ratios (time-to-failure —
TTF, plastic elongation — PE, ultimate tensile strength — UTS, reduction in area — RA) compared
results from SSR tests in synthetic fuel grade ethanol (SFGE) to those in air. Test data indicated
that differences in ethanol SCC resistance between the older X-60 and newer and higher strength
X-70 and X-80 steels were not significant. All steels showed SSR ratios between 0.65 and 0.80
indicating moderate incompatibility to ethanol SCC. However, SSR ratios for the pipe steels
evaluated in this task were higher than those observed for constructional steels (ASTM A36 and
AS53) in previous API studies using similar testing techniques.
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Additionally, chemical compositions, mechanical properties and microstructures for all steels
utilized in this research program were evaluated and compiled in this initial task and are
provided in Appendix A through D.

Task 1.2 Effects of Welding and Residual Stress investigated effects of pipe joining methods
as one of the prime sources of internal surface tensile residual stress. Standard and innovative
welding procedures were used and residual stresses on the inside surface were measured both in
the pipe hoop and the pipe axial directions. While the welds were intended to simulate field
welding procedures, certain variations in welding procedures were incorporated, as discussed
herein, that may have influenced the findings. However, these were assessed to be likely second
order effects. Five of the six welds exhibited high levels of peak residual tensile stress with the
only weld to exhibit significantly lower tensile residual stress was the weld that involved post-
weld heat treatment (PWHT). When peak tensile residual stresses were combined with maximum
allowable operating stresses for hazardous liquids pipelines, five of the six welds exhibited a
localized effective surface stress (not net section stress) on the inner diameter (ID) of the pipes in
the range of the specified minimum yield strength (SMYS) and actual yield strength (AYS).
Only the PWHT weld was observed to have a combined effective stress lower than this range.

As a result of two ethanol SCC failure/leak events in pipeline segments involving field bending
(findings from API survey work described herein), the team performed cyclic SSR tests in SFGE
and air after plastic straining. However, ethanol SCC was not observed in any specimens
machined from the base metal adjacent to the welds in the six welded pipes when exposed to
synthetic fuel grade ethanol (SFGE) during cyclic SSR tests involving pre-strain to 60% of the
displacement to ultimate tensile strength (UTS) and cycling from that stress using an R ratio =
0.5. All of the post-test pull to failure tests of the non-failed cyclic SSR tests performed in air and
in SFGE exhibited ductile failure with no evidence of incipient ethanol SCC from the exposure
and testing in SFGE. However, when these specimens were pulled-to-failure in air after cycling
in SFGE and compared to tests conducted on specimens cycled in air, five of six data sets
showed significantly lower plastic elongation for the specimens cycled in SFGE. These results
suggest the observation of a pre-crack damage mechanism present in the test specimens cycled in
SFGE. As a result of these findings notched SSR tests were performed to characterize rupture
properties.

Conventional notched slow strain rate (N-SSR) tests (monotonically increasing strain-to-failure
test with a notched tensile specimen) found no significant differences in ethanol SCC resistance
for the six weldments made in the A3 steel. The ductile facture area on the N-SSR specimens for
all materials were tightly grouped (63.4 to 68.4%) as were the crack growth rates (CGRs) (5.0 to
6.5x 10° mm/sec). The Kjscce values for ethanol SCC in these specimens in the range 43 to 57
ksiVin. The highest values observed were generally for Weld #4 with post weld heat treatment
(PWHT) but were within the range found in this and other studies for ethanol SCC of pipeline
steels.

Task 1.3 Evaluation of Surface Treatment Effects involved examination of surface treatments
(including two levels of shot-peening) and one baseline (non-treated) condition. The other
treatments tested either (a) significantly changed the corrosion potential of the material through
local galvanic coupling and/or active metal coupling or (b) imposed a dielectric barrier between

i
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the material and the environment through polymeric coating. Shot peening was not found to
provide benefits in terms of mitigating ethanol SCC despite providing a surface layer of
compressive residual stress where applied. This behavior was similar for both low and high
intensity shot peening, which suggested that either the local cold working or the increased
surface roughness adversely affected potential benefits of short peening versus ethanol SCC.
Both the active metal coatings (zinc and copper) and the aluminum coupling provided increased
resistance to ethanol SCC of steel specimens. Both Novolac and Phenolic epoxy coatings and a
hand-applied paint coating provided benefits in terms of ethanol SCC mitigation of steel. A
longer soak period enhanced the benefits from polymeric coatings in terms of ethanol SCC
mitigation were.

Task 1.4 Evaluate Effects of Pipe Manufacturing Process evaluated residual stresses in the
pipe material resulting from various pipe manufacturing methods. These methods were variants
of the normal processes by which the plate was shaped into pipe, the joining method of the
longitudinal or helical seam, and subsequent operations (e.g., cold expansion or no expansion)
that might influence resistance to ethanol SCC. The peak residual tensile stresses from
manufacturing were between 20.3 to 59.7 ksi for steel grades from X65 through X80. When the
peak residual stress was combined with the maximum allowable operating stresses for hazardous
liquids pipelines, all pipe materials exhibited an effective surface stress on the ID of the pipes in
the range of (or exceeded) the SMYS and AYS. Using a test regime similar to the one described
in Task 1.2, ethanol SCC was not observed in any specimens machined from the base metal
adjacent to the welds in cyclic SSR tests. The non-failed cyclic SSR specimens, previously
cycled in SFGE and air from the eight Task 1.4 pipe materials, were pulled to failure in air.
These specimens exhibited ductile failure with no evidence of incipient ethanol SCC. However,
when the specimens cycled in SFGE were compared to specimens cycled in air, seven of eight
data sets showed lower plastic elongation for the former. These results suggested the observation
of a pre-crack damage mechanism present in the test specimens exposed and cycled in SFGE.

As a result of these findings, N-SSR tests were performed to further characterize ethanol SCC in
these eight pipe materials. The results indicated that there was some variation in ethanol SCC
susceptibility observed in the steels. However, all steels had composite SSR ratios in the range
0.60 to 0.8 indicating moderate susceptibility to ethanol SCC. The results of this task did not
confirm the initial premise for this task suggesting that steels with primarily ferritic
microstructures (and/or low CE values) may have increased resistance to ethanol SCC. The steel
with the highest SCC resistance was a fine grained ferritic/pearlitic steel with a banded structure,
and did not appear to have any characteristics thought to justify its higher ethanol SCC resistance
versus the other steels tested. Additionally, steels with primarily ferritic or bainitic
microstructures included in this task were not found to have superior resistance to ethanol SCC
over pipeline steels with ferritic/pearlitic microstructures. The data from this investigation did
not show any particular factors (e.g. microstructure, grade, CE, etc.) that correlated with ethanol
SCC susceptibility.

Task 1.5 Specification of Polymeric Materials for New Construction involved a review of the
technical and commercial literature for polymeric materials (elastomers and engineering plastics)
that have high resistance to FGE, trans-mixtures with gasoline and jet fuel, and service
conditions that include regular/periodic service exposures resulting from batch shipping of FGE.

il
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This review indicated that there were no additional or “new” elastomeric materials inherently
suitable for FGE transmission service beyond the common ones currently used in other industries
(listed herein). However, it was suggested that different formulations and processing regimes for
existing materials may be used to optimize performance for the specific requirements of FGE
pipeline service. To qualify for such service, candidate materials should be evaluated to ensure
they have prolonged chemical resistance to the exposure. Further, both dynamic and static testing
should be considered with candidate materials subjected to a rigorous testing regimen (laboratory
and field-based) to confirm suitability as proposed here. It also appears that in developing new
materials for FGE service, the addition of fillers will assist with structural properties such as cold
flow and creep alongside potential benefits in chemical resistance.

Task 2.1 Control and Monitoring of Oxygen Uptake was guided by research that showed that
a significant environmental variable controlling susceptibility to ethanol SCC in steel is
dissolved oxygen concentration in both SFGE and FGE samples. This task provided an
assessment of pipeline system design parameters for controlling and monitoring the uptake of
oxygen during the pipeline transportation process and provided laboratory data using oxygen
monitoring equipment. It was found that considerable opportunity exists for oxygen to enter the
FGE stream during the truck, rail, and barge loading and unloading processes with little
opportunity subsequent to the loading / unloading process. Eliminating entry of oxygen during
truck, rail, and barge loading and unloading processes, or removing the oxygen from the FGE
stream as the stream enters the first pipeline terminal tank (if in fact feasible or desirable) will
provide elevated protection against oxygen ingress and consequent reduction in ethanol SCC
susceptibility. Laboratory tests of two instruments for measuring dissolved oxygen content were
evaluated in SFGE with alternating exposures in multiple hydrocarbon fuels. This work showed
that such instruments can generally provide qualitative information on periods of high and low
oxygen content. However, readings varied with time and further work is needed on calibration
and materials of construction for long term field measurement capabilities in FGE service.

Task 2.2 Internal Corrosion Monitoring involved monitoring experiments conducted using
online methods (mass loss corrosion: electric resistance - ER, Super ER; linear polarization
resistance - LPR and electrochemical noise-based Pitting Factor) with instrumented bolt compact
tension fracture mechanics specimens and conventional offline methods for ethanol SCC
monitoring using plastically deformed U-bend specimens. All corrosion monitoring methods
revealed that ethanolic solutions within the specifications of ASTM D4806 for FGE exhibited
very low corrosion rates (less than 1 mpy). It was only when the solution water content reached
10% did the corrosion rates increase to between 1 and 7 mpy in quiescent solutions, depending
on the monitoring method used.

For the LPR probe with B value measurement capabilities, B values (Stern-Geary Factor) of 10
to 30 mV were measured and in the higher water solutions varied in the range 20 to 30 mV close
to the standard 26 mV default value commonly used for the LPR corrosion rate measurements in
aqueous solutions. Considering all probes, other than water concentration, corrosion rates were
largely independent of other factors (e.g. chloride level, deaeration/aeration condition)
investigated in this study. No evidence of ethanol SCC was found in U-bend specimens; this
result corroborated most previous studies indicating that this method was generally unreliable for
field and laboratory assessment of ethanol SCC. The instrumented bolt compact tension
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specimen used as an online method of assessing SCC exhibited load decrease with time which
could have been due to crack growth. However, this trend was not attributed to cracking and was
likely related to deterioration of the strain gauge assembly due to long term exposure to the
SFGE solution.

Task 2.3a Standardization of SCC Test Methods produced an accelerated path to a standard
test method for ethanol SCC testing procedures ultimately resulting in publication of NACE
TMO111 [Slow Strain Rate Test Method for Evaluation of Ethanol Stress Corrosion Cracking in
Carbon Steels]. The effort also involved the initiation of a round robin test program based on the
newly standardized test method involving five participating laboratories using a steel pipe
material provided by Honeywell from this research study. The data from the round robin testing
program should be available for review and analysis in early 2013 and a technical paper covering
this work is planned for publication in early 2014.

Task 2.3b Roadmap for Industry Guidelines for Safe and Reliable Pipeline Handling of
FGE assessed available information from PRCI and American Petroleum Institute (API) on
ethanol SCC and handling of alcoholic media in pipelines. It also included extensive discussions
with pipeline industry personnel about needs for guidelines for ethanol SCC in the pipeline
industry that were used to produce an outline for these guidelines. This task identified and
provided the following: (a) a review of available information that supports the pipeline industry
guidelines for ethanol SCC, (b) identified gaps in pipeline industry ethanol SCC guidelines and
(c) an outline for the path forward and content of a standard for safe and reliable pipeline
handling of FGE.

This task led to the conclusion that the existing API 939E guidelines document provides a good
basis for pipeline operation from a standpoint of prevention of ethanol SCC in pipelines. A plan
for joint development of ethanol SCC guidelines for pipeline operations utilizing the present API
939E was developed. This approach involved participation of members from both the API
Refining Committee that developed the original document and the API Pipeline Committee. The
proposed path forward plan involves a two-step process:

e Path 1 (short term, 1 to 2 years) - Inclusion of API Pipeline Committee representatives in
the present 2012-2013 round of updating and revision of API 939E (as mentioned in the
minutes from the first and second teleconferences organized under Task 2.3b in this
program — See Appendix M), and

e Path 2 (longer term, 2 to 4 years) — Identification of key points for ethanol SCC for
pipelines and development of a path forward for cooperative modification and expansion
of 939E to handle pipeline needs utilizing a joint ethanol SCC task group made up of
representatives from both the API pipeline and refinery committees.

Recommendations and Next Steps

The results of this program in both Tasks 1.2 and 1.4 indicate that further studies are needed
involving cyclic slow strain rate (C-SSR) testing that evaluate ethanol SCC behavior under
cyclic stress and strain. This work should include C-SSR tests that involve longer exposures and
a greater number of load cycles than were possible in this study. This work should examine
selected conditions of cyclic loading on susceptibility to ethanol SCC. It should include the
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influence of both cycle frequency (in the slow strain rate regime) and R ratio for various
conditions of pre-strain below, at and above the yield point, as well as various levels of plastic
strain (up to 60% of the strain to the ultimate tensile strength) of the pipeline steels such as those
included in the program. These tests should also include examination of the repassivation rate
under various solution conditions and utilize C-SSR tests to explore the interaction between
repassivation rate and cycle frequency on susceptibility to ethanol SCC.

The results of Task 1.2 and 1.4 did not show systematic evidence that commercially produced
pipe products varied appreciably in resistance to ethanol SCC. However, more detailed studies
performed on closely controlled materials while independently imposing several processing
methods and resultant microstructures may prove to be a better methodology and lead to more
conclusive results. Commercial materials exhibit too many variables which cannot be isolated, a
situation that tends to confound the analysis.

Further research is needed to confirm and extend the data developed in Task 1.2 on the influence
of coatings and surface treatments to other surface modification techniques. This would help
show if similar benefits can be obtained under conditions more representative of service
conditions than found in the severe (pull-to-failure) SSR test. Further research is required to
investigate additional interactions with cold work and surface roughening produced by shot
peening to see which adverse situation may be causing the absence of benefit in case of ethanol
SCC as shown herein. Conventionally, shot peening has been found to be beneficial in cases of
other types of SCC and in fatigue fracture. This work should also look at ways to mitigate
adverse shot peening effects and other methods of imparting surface compressive stresses such
as roll forming and laser heating.

Based on Task 2.1, it was found that little was done in the field to limit uptake of oxygen from
ambient aeration in the handling and transportation of FGE prior to it entering a pipeline, but
there is little opportunity for FGE to pick up oxygen once inside the pipeline. This finding
suggests that operational procedures for reducing oxygen uptake in FGE should be explored as a
method to reduce ethanol SCC severity in pipeline operations. Additionally, results from this
study suggest that further refinements in terms of calibration, operation and equipment
compatibility for monitoring dissolved oxygen in FGE could enhance the serviceability and
quantitative nature of monitoring data. Further work should include field oxygen monitoring in
operating systems to examine aforementioned aspects to provide a better database from which
lab and field data can be correlated.

Task 2.2 showed that corrosion rates in SFGE formulated per ASTM D4806 were generally low
(<1 mpy); however, during periods of upset (e.g. high water), corrosion rates were shown to be
significantly higher (approaching 10 mpy). Further research is needed that involves additional
aspects of corrosion in FGE pipeline systems, including: (a) determination of the possibility of
still higher corrosion rates associated with upset conditions beyond water content involving other
potential contaminants or transmix compositions and (b) changes in ethanol composition in cases
of microbiological decomposition (e.g. production of acetic acid, other organic acids and in some
cases sulfur species) which have been found to occur from recent field experience.

Vi
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Additionally, research and development is needed to look at other techniques and modifications
of existing techniques for corrosion and SCC monitoring in FGE systems, including: (a)
improved design of instrumented bolt fracture specimens for online monitoring compatible with
FGE, (b) use of wedge loaded specimens akin to Double Cantilever Beam (DCB) specimens, and
(c) bent beam specimens that incorporate intermittent increasing plastic strain or cyclic straining
or load cycling.

Task 2.3a produced an industry standard laboratory test method for ethanol SCC based on the
SSR testing which is now being evaluated in a round robin program that was assisted by this
program. Further work is needed to evaluate and include other test methods (pre-cracked and
wedge loaded compact tension and DC) fracture specimens, corrosion fatigue testing and
variations in established SSR standard technique (i.e. cyclic SSR and fracture analysis of notched
SSR test data). Such work will substantially expand the utilization and interest in this standard
test method document as it could expand testing to include field monitoring of ethanol SCC.

A roadmap for industry-accepted ethanol SCC guidelines for pipelines was developed in this
program that provided both short term and long term approaches based on expansion of the
existing API 939E Technical Bulletin. In a similar manner to how this program accelerated the
standardization and publication process of an ethanol SCC test method, further supported efforts
will help accelerate development and support expansion of the current API 939E (that currently
only includes ethanol SCC guidelines for facilities, tankage and piping). The expansion should
include new information and ethanol SCC guidelines applicable to pipeline operations that
require transport and handling of FGE, ethanol-containing fuel blends and pipeline trans-mixes.
This effort would support a joint API task group involving industry representatives from both the
API pipeline and refining committees involved in handling and transportation of FGE and
ethanol-containing fuels.

vii
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1 Project Scope
1.1 Introduction

Ethanol has been used in automobile fuels for more than 30 years, including substantial
experience in Brazil going back to the 1970’s. In the early 1990's, the U.S. Congress passed the
Clean Air Act that required oxygenates be used in the gasoline supply in specific regions of the
country. At that time, oxygenates used in the U.S. include methyl tertiary butyl ether (MTBE)
and fuel grade ethanol (FGE) per ASTM D4806. The U.S. government has since passed new
energy legislations that phased out the use of MTBE, eliminated some oxygenate requirements,
and phased in an increasing requirement to use ethanol and biodiesel. It also set mandates for
increased FGE usage in the U.S. Consequently, the use of FGE as an additive/extender to
gasoline is increasing dramatically in the fuel sector. Failures and leaks produced by ethanol
stress corrosion cracking (ethanol SCC) pose a potential yet serious risk to attaining the goals of
these mandates.

In 2003, Honeywell International, Inc. (Honeywell Corrosion Solutions — then InterCorr
International, Inc.), under contract from the American Petroleum Institute (API), conducted an
industry survey on the effects of FGE on storage and blending facilities. This study concluded
that FGE was a potent causative agent in the SCC of steel equipment in ethanol distribution tanks
and end user storage and blending facilities. Initially, over twenty cases of SCC were reported in
this survey covering 1990 through 2007, a number that has since been increased to over 30 cases.
No failures were observed in ethanol manufacturer facilities, but ethanol SCC occurred
downstream from the ethanol production source prior to FGE being blended with conventional
grades of gasoline (E10). This study confirmed that SCC was not just a local phenomenon
involving foreign ethanol or other extraneous factors. It further determined that the specifications
within ASTM D4806 do not provide guidance for the prevention of SCC.

Additional research is needed to identify additional causative agents (e.g. environmental,
mechanical and metallurgical) and to develop guidelines for identification, repair and mitigation
of ethanol SCC. Further information on SCC in FGE is needed that will allow for a more
complete understanding of the similarities and differences between the handling of FGE by
pipelines versus what is presently known for tanks and facilities.

The research and technical activities in the present study support the above mentioned effort and
provide a better technical basis and recommendations for the development of industry design
standards and best practice guidelines for new pipelines handling of FGE. In addition, this
program addresses many items specifically identified in the ethanol SCC road mapping and gaps
analysis process and is in line with several major USDOT initiatives.

1.2 Background

Previous investigations on SCC in fuel grade ethanol have focused on two important but
different issues: (a) the determination of the cause and relevant factors involved in failures and
leaks in actual facilities tanks, piping and equipment in the downstream sector handling FGE,
and (b) assessment of the potential for ethanol SCC in existing pipelines being converted to
transport FGE. This proposal focuses on information required to design and construct new
pipelines handling the increased demand for fuel ethanol as a result of US government mandates.

1
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A variety of remedial actions are being used to prevent SCC of steel equipment in ethanol
service, including ethanol-resistant coatings in storage tanks and the use of post weld heat treat
(PWHT) and stress relief in piping systems (per API Research Report 939D and Tech Bulletin
939E). Additionally, statistical analysis of the test results from a laboratory SCC study showed
that oxygen and galvanic contact with corroded steel couple were the significant factors affecting
ethanol SCC in synthetic fuel-grade ethanol (SFGE) environments.

Various methods have been found that reduce SCC susceptibility including the use of deaeration,
oxygen scavengers, and certain chemical inhibitors. Studies have also shown the effects of
blending FGE with gasoline as may be experienced in transmixtures that can occur naturally
when batching FGE in pipeline. Ethanol SCC is usually limited to gasoline fuel blends with at
least 20 percent FGE. No ethanol SCC was observed in FGE-gasoline blends with less than 1%
oxygen in the cover gas. This suggests that blending and deaeration are important considerations
for pipelining FGE.

The aim of this project was to define the roles of additional parameters specifically related to
new pipelines handling FGE including materials, fabrication, processing, and residual stress.

1.3 Scope and Objectives of the Present Study

This project is focused on the following key issues:

e [Evaluation of modern steel microstructures on ethanol SCC resistance

e Evaluation of weld procedure alternatives, surface treatment effects and pipe
manufacturing process on ethanol SCC resistance

e Specification and qualification of new polymeric materials, use of oxygen uptake control
and monitoring, and specification of internal corrosion monitoring for new FGE pipelines

e Standardization of an ethanol SCC test method and a path forward for the development of
standard ethanol SCC guidelines for safe and reliable storage of FGE to assist
criteria/guidelines deliverables per the PHMSA Ethanol Roadmap.

This project specially addresses ethanol SCC gaps identified at The Safe & Reliable Ethanol
Transportation & Storage Technical Road Mapping Workshop held in Dublin, Ohio in October
2007. Several key areas are addressed which directly support the PHMSA mission for public
safety, including: Safety of Transporting Blends Containing More than 10 Percent Ethanol
(Requirements for pipelines to handle FGE — E95); Phenomenological Understanding of Ethanol
SCC (Understanding and Use of metallurgical, welding and surface treatments to mitigate SCC).
The findings of this project should help to improve pipeline safety by supplying key information
necessary to address gaps in industry and regulatory knowledge for the design and construction
of new ethanol and ethanol/gasoline blend pipelines.

The project objectives included:
e Develop supporting data, related analyses and recommendations for cost-effective design
and construction methods for reducing the effects of ethanol SCC that can be
implemented in new pipeline systems to allow safe and efficient transportation of FGE
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Evaluate design aspects for control and monitoring of oxygen uptake and internal
corrosion for pipelines transporting FGE including requirements, design modifications
and implementation

Recommend the most advantageous direction for expanded and improved pipeline design
and testing standards for operations involving exposure to FGE.

The tasks in this program (along with their specific objectives, approach, description, procedures,
results and findings) are described in the following sections. Subsequently, the discussion of the
program results, recommendations for further work and overall program conclusions are
presented herein.

The technical tasks in this study, as shown in Error! Reference source not found., were
focused on:

These

The impact of selected metallurgical processing and fabrication variables on ethanol
stress corrosion cracking (SCC) of new pipeline steels

The ability to better monitor and control conditions of susceptibility to ethanol SCC in
FGE, and

The ability to provide industry-recognized standards and guidelines to reduce the
occurrence of ethanol SCC.

tasks were approached through collaboration of Honeywell Corrosion Solutions

(Honeywell International, Inc.), Electricore Inc. (prime contractor) and, as subcontractor, the

Edison

Welding Institute (EWI) with oversight and co-funding by the Pipeline Research Council

International (PRCI) and Colonial Pipeline. The overall program was divided in two phases and
tasks as shown in Error! Reference source not found..

Table 1. List of Program Tasks

Phase | Task Title
I 1.1 Evaluation of Steel Microstructure on Ethanol SCC Resistance
1.2 Effects of Welding and Residual Stress
1.3 Evaluation of Surface Treatment Effects
1.4 | Evaluation Effects of Pipe Manufacturing Process
1.5 Specification of Polymeric Materials for New Construction
II 2.1 Control and Monitoring of Oxygen Uptake

2.2 Internal Corrosion Monitoring

2.3a | Standardization of SCC Test Method

2.3b | Roadmap for Industry Guidelines for Safe and Reliable Pipeline Handling of
FGE
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2 Task 1.1: Evaluation of Steel Microstructure Effect on Ethanol
SCC Resistance

2.1 Objective

This task evaluated metallurgical processing of pipe materials and steel microstructure to
determine if low carbon steels, such as modern low carbon (and carbon equivalent — CE) API 5L
X-70 and X-80 steel grades, have a higher resistance to ethanol SCC than older, higher carbon
steels, such as API 5L X42 to X65, and pipe and plate steels such as ASTM A53, A36 and A106,
which were commonly used in previous API studies.

2.2 Approach

Evaluation of steels for resistance to ethanol SCC has historically been performed on older steel
grades characteristic of existing pipelines, tanks and piping that have been commonly used in
existing fuel ethanol systems. While data are limited, preliminary indications showed that lower
carbon pipeline steels may have a higher resistance to ethanol SCC over the older steel grades.
Modern versions of pipeline steel suitable for new construction, such as API 5L X70 and X80
grades, are made to low levels of carbon combined with microalloying and thermo-mechanically
controlled processing (TMCP) resulting in finer grained structures and higher strength over older
pipe grades (API 5L X42 though X-60). In this study, the pipe samples were selected as close as
possible to target grades, diameters and wall thicknesses. However, due to pipe availability at the
time of procurement, trade-offs in these variable were necessary, but they were considered to
produce only second order effects in welding and were inconsequential with respect to SCC
testing.

The material grades targeted in this task were ferritic and bainitic versions of X-70 steel and X-
80 steel. Once pipe materials were selected, the study included laboratory SCC tests using slow
strain rate (SSR) testing per ASTM G129 “Standard Practice for Slow Strain Rate Testing to
Evaluate the Susceptibility of Metallic Materials to Environmentally Assisted Cracking”. The
raw data from the SSR tests included UTS, plastic elongation, and reduction in area resulting
from slow pull-to-failure of machined tension specimens in an ethanolic solution and air.

Additionally, these results were augmented by scanning electron microscopy (SEM),
determination of ethanol SCC fracture area on the primary fracture surface, critical fracture
toughness for ethanol SCC (Kiscc) and SCC crack growth rate (CGR) assessed by post-test
evaluation of the specimens.

2.3 Task Description

This task characterized the pipe steels used in the balance of the program. The materials were
selected to be representative of newer grades of steel line pipe from which data on SCC
susceptibility were developed. In this task, the plan was to initially obtain a total of three (3)
modern pipeline materials and one (1) older pipeline steel were identified for SSR testing.
Replicate SSR tests were performed on each material in air and again in synthetic fuel grade
ethanol to assess resistance to SCC. One of these modern pipe steels was selected for the welding
study in Task 1.2. Additionally, additional pipe materials were obtained which were
characterized in this task, but evaluated for ethanol SCC in Task 1.4.



Final Report DTPH56-09-T-000003

2.4 Methods & Procedures

2.4.1 Materials

A total of four pipe steels were obtained for testing in this task. Details of the material
designation, dimensions, description (and manufacturer), heat number, grade, actual yield
strength (AYS) from mill certificate, and microstructure for the three modern pipe materials are
given in Table 2. These materials included:

e Al —-HON# 11800 (API 5L X-65/70 DSAW Tenaris)
e A2 —-HON# 12043 (API 5L X-70 UOE Durabond)
e A3 —-HON# 11798 (API 5L X-80 DSAW Napa).

The fourth material was labeled DNV (HON# 11797) and was a sample of API 5L X-60
provided by DNV characteristic of older vintage pipeline steels evaluated in their investigations
on ethanol SCC. In this task, it was used as a basis of comparison for the higher strength pipe
steels made with lower carbon content and special processing, and to benchmark ethanol SCC
data from this program with the previous studies.

More information on the A series and DNV steels is given in Appendix A with respect to
chemical composition and mechanical properties and in Appendix B for microstructure.

Table 2. Summary of pipe materials and microstructure for Task 1.1

Length . L. Yield Str. .
(feet) Description Heat # Grade (ksi) Microstructure

Pipe

Primarily ferritic/pearlitic

36" OD x 0.375" Wall .
microstructure.

API 5L Grade X65/X70 PSL2
Manufacturer: Tenaris Confab
Al | 40 540887 X-65/70 79.6
Double Submerged Arc
Welded, UOE-SAWL
(Expanded)

Mixture of small and medium-to-
large ferritic grains, with some
texture in the rolling direction,

may indicate that this is a TMCP

steel.

36” OD x .686” Wall

API 5L Grade X70 . . .
Manufacturer- Durabond Microstructure consistent with

A2 40 712P04560 X-70 78.1 accelerated cooled steel with

Double Submerged Arc bainite or tempered martensite.

Welded; SAWL (Expanded)

36” OD x .464” Wall Microstructure consistent with

APIL Grade X80, accelerated cooled steel likel
A3 | 40 Manufacturer: Napa Pipe MTS8757 X-80 92.0 . . . Y
consists of acicular ferrite and

Double Submerged Arc Welded bainite.
API 5L Grade X60
Manufacturer: Not provided . .
DNV| -- (NP) — Sample provided from NP X-60 75.5 Banded ferrite and pearlite
DNV stock
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The intent of the Task 1.1 study was to conduct preliminary ethanol SCC tests on the A series
and DNV-provided steels, and to use this information as a basis to select one of the
aforementioned three modern pipeline steels (X-70 or X-80) for use in a study of welding
techniques and resultant residual stresses on susceptibility to ethanol SCC in Task 1.2.

Another series of pipeline materials were obtained for use in Task 1.4 to examine the role of pipe
manufacturing processes on resultant residual stresses and their possible role in susceptibility to
ethanol SCC. The steels procured in this series of materials (Series B) are shown in Table 3.

Table 3. Summary of Pipe Steels in Task 1.1 Evaluated For Material Study

36” OD x .375” Wall
API 5L Grade X65/70

Ferritic/pearlitic microstructure.
Mixture of small and medium-sized

Double Submerged Arc Helically
Welded (Not Expanded)

B1 40 Manufacturer: Dura-Bond 803A64680 65;0 78.0| ferritic grains, possibly controlled-
Double Submerged Arc Welded rolled TMCP steel. Banding
(Expanded) (elongation) of the pearlite is visible.
30” OD x 0.688” Wall
API 5L Grade X60 Mixed ferritic/pearlitic
B2 6 Manufacturer: Berg Europipe 648045 X-60 |68.0 microstr CF o
Double Submerged Arc Welded uetre.
(Non-Expanded)
42” OD x 0.541” Wall
API 5L Grade X70 Microstructure consistent with
B3| 10 Manufacturer: Welspun K10026926 | X-70 [79.5 aciccglsa;“fzr;‘i tz Cv‘v’i t; i:rbicvives
Double Submerged Arc Welded '
(Expanded)
12-3/4” OD x .375” Wall
API 5L Grade X70 Microstructure is consistent with
B4 40 Manufacturer: US Steel T64672 X-70 |72.5 . ..
Electric Resistance Welded accelerated cooled steel with bainite.
(Not Expanded)
36” OD x .500” Wall
APISL Grade X70 Microstructure consistent with
BS 6 Manufacturer: Durabond AOES818 X-70 |84.0 ) vetl . W
Double Submerged Arc Welded: acicular ferrite with carbides.
SAWL (Likely Not Expanded)
367 OD x 3757 Wall Ferritic/pearlitic microstructure
API 3L Grade X70 Mixture of small and medium-sized
B6 40 Manufacturer: Berg WS5I595 X-70 |73.8 .. . .
Double Submerged Arc Welded ferritic grains, possibly a control-
Not Expanded rolled or TMCP steel.
36” OD x .464” Wall
APISL Grade X70 Microstructure is consistent with
B7 40 Manufacturer: Ipsco 461883 X-70 |77.0

accelerated cooled steel with bainite.
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20” OD x .500” Wall
API 5L Grade X80
B8 40 Manufacturer: Tenaris-Confab 420978U X-80 |98.9
Electric Resistance Welded
(Not Expanded)

Mostly ferritic microstructure with
few carbides present

As shown in this table, the materials ranged from API 5L X-65 to X-80 Grade steels both
longitudinally and helically seam welding, and submerged arc and electric resistance welding.
An attempt was also made to obtain materials with and without cold expansion as this was
expected to also affect residual stresses in the pipe.

As shown in Table 3, the B-series steels represented different microstructures (ferrite/pearlite,
acicular ferrite, and bainite) as resulting from varying chemical compositions and metallurgical
processing. More information on the B series steels is given in Appendix C with respect to
chemical composition and mechanical properties and in Appendix D for microstructure. No
ethanol SCC testing was conducted in Task 1.1 on the B series materials as all eight steels were
planned to be tested in the Task 1.4 study.

2.4.2 Specimens

Notched slow strain rate (N-SSR) specimens were machined from each A-series and DNV pipe
steels. The specimens were machined to have a gage section of 1.0 inch with a gage diameter of
0.150 inches with a notch at mid-section having a radius of 75 microns. A schematic of the test
specimen used in the N-SSR testing is given in Figure 1. The specimens were taken from the
base metal adjacent to the seam weld and the heat affected zone (HAZ).

A — 0.150” £0.003" Notes:
B — 1.000" 1 — Grinding of the specimen
) " l must be done carefully to
C — 0.250 I avoid overheating and cold
D — 2.750"+0.01" E working in the gage section.
E — 0.500"+0.01" T 2 — The final two machining
0.130"+0.001" . passes should remove about
F-" : — 0.002" of the metal.
B 3 — The gage section must be
D a uniform diameter within
T F the +0.003" tolerance.
_ 1 4 — Gage Surface Shall Be
1.3750 l?é‘nshr;_ed Tr|:> AORo#_ghness of
1/4-28 l icro In. Or Finer.
both ends E

60 degrees

A/

0.003" rad
(75 microns *5 microns)

0.25 micron(10microinch) or finer

Note: Notch radius is 75 Microns (£5micron)
Figure 1. Schematic and machining requirements of N-SSR specimen.

Prior to testing, the specimens were cleaned with toluene then acetone and subsequently rinsed
with deionized (DI) water and dried in air. Further, on each specimen, the gage section diameter
was measured to the nearest 0.001 inch.
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2.4.3 Test Environment

N-SSR testing was conducted in a synthetic fuel-grade ethanol (SFGE) solution adhering to the
upper impurity content levels provided in ASTM D4806-2009'. The composition of the test
solution utilized for the N-SSR tests is shown in Table 4. Control tests for baseline properties in
ambient air were also conducted for the N-SSR samples.

Table 4. Synthetic Fuel Grade Ethanol Test Solution Composition

Solution Property Unit
Spec
Ethanol w/ impurities per | Reagent Ethanol 94.75%v
ASTM D4806
Distilled Water 1%v
Methanol (Reagent
Grade) 0.5%v
Denaturant
(Pentane) 3.75%v
Acetic acid S6mg/L
Chloride content 10mg/kg

2.4.4 N-SSR Testing and Primary Data Analysis

N-SSR testing was conducted per the basic SSR methods in ASTM G129* and ethanol SCC
procedures given in NACE TMO0111° using the dynamic load frame with computer-controlled
stepper motor drive and setup as shown in Figure 2. A glass cell was used as a test vessel. N-SSR
tests were conducted at an extension rate of 4 x10” in/sec. Due to the hygroscopic nature of
ethanol, precautions were taken during the cell set-up and testing to minimize the amount of
water intake through minimizing exposure to potentially moist ambient air. As such, the test set-
up included a dehydrator through which the test gas (breathing air) passed prior to entering the
test cell and the gas outlet was fitted with an oil trap through which the breathing air was purged
for minimum of 20 minutes prior to the initiation of SSR testing and it continued continuously
during testing.

The corrosion potential (open circuit potential) of the specimens were measured at regular
intervals and recorded with the use of a specially designed Ag/AgCl/Ethanol reference electrode.
Further, the dissolved oxygen (DO) level in the test solution was measured before and after
saturation with air using a manual dissolved oxygen probe. All N-SSR tests were performed
under continuously aerated conditions (using dehydrated breathing air). All tests were conducted

" ASTM D4806 — Standard Specification for Denatured Fuel Ethanol for Blending with Gasolines for Use as
Automotive Spark-Ignition Engine Fuel, ASTM, West Conshohocken, PA

* ASTM G129 — Standard Practice for Slow Strain Rate Testing to Evaluate the Susceptibility of Metallic Materials
to Environmentally Assisted Cracking, ASTM, West Conshohocken, PA

*NACE TMO111 — Slow Strain Rate Test Method for Evaluation of Ethanol Stress Corrosion Cracking in Carbon
Steels, NACE International, Houston, TX
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at ambient temperature (75 + 5 F) and atmospheric pressure plus a slight positive pressure to
ensure flow (nominally 15 psia).

Initially, a pre-load of 50 pounds was applied to the test specimen after which the specimen was
slowly pulled in tension until failure occurred while monitoring load and time. Time-to-failure
(TTF) was determined by the time from application of the extension rate until failure. The
combination of the time and the calibrated SSR machine extension rate were used to determine
the elongation. Plastic elongation (PE) was determined from the extension following the onset of
plasticity (at the yield point) on the load/time plot indicated by the departure from linearity of
this plot and the drop in load at failure. The maximum load during the test was used to determine
the ultimate tensile strength (UTS). After the completion of the tests, the specimens were
removed, cleaned, and the notch section was measured to the nearest 0.001 inch to determine
reduction in the cross-sectional area and compared to initial dimensions to calculate reduction in
area (RA).

A confirmation of environmental cracking (ethanol SCC) was performed on the primary fracture
surface of the tested specimens by scanning electron microscopy (SEM). Supplemental chemical
analyses of the ethanol prior to and after selected tests included the water content per ASTM
D203* and pHe per ASTM D6423°. The N-SSR test results (UTS, TTF, PE, and RA) were
compared to the corresponding baseline SSR test performed in air and SSR ratios of these values
were computed. These SSR ratios indicate results that are near 1.0 for situations of high
resistance to SCC, whereas reduction in these values from 1.0 indicates increasing susceptibility
to SCC. Normally, SSR ratios between 0.8 and 1.0 are considered indications of high resistance
to SCC with values falling in the range 0.6 to 0.8 are typical of moderate susceptibility to SCC,
and ratios less than 0.6 being an indication of high SCC susceptibility. A composite ratio was
also determined that averaged all of the previously mentioned SSR ratios into one ratio value.
Finally, the area of brittle SCC and ductile fracture on the primary fracture surface from SSR
specimens exposed to SFGE were determined from SEM examination and a fracture ratio of
ductile fracture area versus overall fracture area on the test specimen was calculated.

* ASTM E203 — Standard Test Method for Water Using Volumetric Karl Fischer Titration, ASTM, West
Conshohocken, PA

> ASTM D6423 — Standard Test Method for Determination of pHe of Ethanol, Denatured Ethanol, and Fuel Ethanol,
ASTM, West Conshohocken, PA
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Apglh pCVEOH
R.E fEl'E nce
Electrode
Gas In
Do
Frobe
Test Test
Specimen Chamber

Figure 2. Slow Strain Rate Test Setup

2.4.5 Determination of Crack Growth Rate (CGR)

The calculation of SCC due to CGR on the broken N-SSR specimens was determined based on
the region of brittle crack extension from the notch tip and the actual time spent in the test after
the point of yielding (departure from linearity on the load/time plot). This method of assessment
was based on the following observations:

e Ethanol SCC has not been observed to readily initiate until tensile stresses are at least
equal to the actual yield strength of the steel.

e Once, the SCC crack growth reaches a critical length, fracture occurs rapidly by ductile
overload.

The procedure for determination of CGR consisted of obtaining load-displacement curves for
each test and taking the SEM micrographs for the fractured specimens. Based on the load/time
plots, the yielding load was determined, and the corresponding time (elongation) until yielding
was obtained. Also, the final load at fracture was determined from these curves, and the
corresponding time (elongation) to fracture was obtained. The crack propagation time (At) was
computed as the difference between the time-to-yielding and time-to-failure (at final load).

Further, the actual SCC crack extension was determined from the SEM micrographs of the
fractured test specimens. For this purpose, an SEM micrograph revealing the entire SCC region
was used. Measurements were made at several locations on the SCC crack photomicrographs to
establish the extent of the crack from the inner rim (inner end of notch). For each specimen, a

10
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total of 10 readings were taken and the average crack extension (Aa) determined. This procedure
has also been well documented in the literature.®

CGR expressed in mm/s was determined using the equation as given below:

CGR =Aa/ At {1}
Where,

Aa = Average Crack Extension (mm)
At = Crack Propagation time (s)

2.4.6 Evaluation of Kiscc

The evaluation of the critical value of stress intensity factor for SCC (Kiscc) was achieved by an
analytical procedure utilizing estimation equations from finite element analysis (FEA) as
described below. The method employed for the calculation of Kiscc is discussed in the following
subsection.

2.4.6.1 Determination of K;scc using estimation formulae from finite element analysis

Finite-element analysis (FEA) was previously performed on a similar specimen geometry for an
API sponsored research project conducted previously and the information was readily available
for utilization in the current research.® FEA was used to analyze the elastic and the elastic-plastic
behavior of the N-SSR specimen, to determine the values of J-Integral and K. In this approach,
the specimen was modeled as a round bar with a 0.0001-in. deep center crack at the tip of the
0.01-in. deep V-notch. An asymmetric meshed model was generated and then subjected to tensile
loading. This FEA case was performed to obtain the air fracture toughness data. However, the
estimation equations from FEA were extended to analytically arrive at Kjscc values for N-SSR
tests conducted in this investigation.

The estimation equations from FEA for obtaining Kjscc values are given below:

FElastic case:

K1=1.180'\j7m {2}

Where,

K = Stress-Intensity Factor (Mode I) (ksi (in) I %)

a = notch depth (inch), and

o = nominal stress on gage section (ksi)

The geometry constant (1.18) was inferred from elastic FEA.

% A. Venkatesh and R.D. Kane, —Fracture Analysis of Slow-Strain-Rate Test for Stress Corrosion Cracking, NACE
Corrosion 2009, Paper No. 09296, Atlanta, GA

11
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Elastic-Plastic case:

K} (1 —v? )
JElastic - T {3 }
A
JPlastic = 77‘01 2‘01
ar 4}
J = JElaslic + JPlastic {5}
J.E
K, = P )

Where,

np = geometry factor inferred from FEA (7,; = 0.08)
Ay = plastic area under the load-displacement curve,
r, = net section radius at the notch (inch)

J = J-Integral (in-1b/inch?)

E = Modulus of Elasticity (2.9%10 psi)

v = Poisson’s ratio (0.3)

2.5 Results

The results of the N-SSR testing are presented in Table 5. The table includes the pipe sample
description, environments (air or SFGE), before and after test values of pH, water content and
percent oxygen saturation (with respect to total air saturation), average corrosion potential,
maximum load, SSR ratios, and the results of the K;scc and CGR evaluation.

12
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Table 5. Summary of Task 1.1 N-SSR Testing

Avg.
Avg. . Environ Fracture Crack
. Dissolved 0, Avg. KIsCC :
Pipelp | EMVIon [ sepry Water Content pHe Steady Conc. (% SSR Parameters / Ratios (Actual/Average) KISCC | Ratio | SEMFracture mental Area Ratio | Growth
ment (wt %) State Saturation) (ksivin) | (vs. air) Analysis Cracking (% Rate
E..mV ' Condition Ductile) (mm/
sec)
Comp.
Max. Ratio
Pre Post Pre Post Pre Post o o
HON # Test Test Test Test Test Test Load uts TTF "hEl "RA (Avg,)
(Ibs) Excl.
RA
11800-1 Ductile N/A 1.00 0
11800 (X- Air 1736 1.00 1.00 1.00 1.00 1.00 97.20 1.00
70 DSAW 11800-2 Ductile N/A 1.00 0
Tenaris)-
Al 11800-3 1.194 1.231 6.60 6.80 123 58.5 95.8 Transgranular SCC 0.54 5.74E-
SFGE 1316 0.69 0.66 0.62 1.08 0.66 59.60 0.61 '06
11800-4 1.196 1.224 6.60 7.00 135 62.5 96.8 Transgranular ScC 0.51
11798-1 Ductile N/A 1.00 0
Air 1575 1.00 1.00 1.00 1.00 1.00 90.32 1.00
11798 (X- 11798-2 Ductile N/A 1.00 0
80 DSAW -
NAPA)-A3 11798-3 NA NA NA NA 129 70.4 94.1 Transgranular SCcC 0.47 6.01E-
SFGE 1463 0.93 0.60 0.47 0.85 0.67 55.44 0.61 '06
11978-4 1.225 1.217 6.37 5.26 112 62.1 89.5 Transgranular SCC 0.51
117971 Ductile N/A 1.00 0
Air 1442 1.00 1.00 1.00 1.00 1.00 94.80 1.00
11797-2 Ductile N/A 1.00 0
11797 (X- 11797-3 NA NA NA NA 115 68.1 96.5 Transgranular SCC 0.67
60 DSAW-
DNV) 3.08E:
SFGE 1300 0.86 0.63 0.48 1.07 0.66 64.55 0.68 '06 :
11797-4 1.225 1.200 6.37 5.19 121 58.2 93.5 Transgranular SCC 0.61
12043-1 Ductile N/A 1.00 0
12043 Air 1410 1.00 1.00 1.00 1.00 1.00 96.93 1.00
(X-70 UOE 112043-2 Ductile N/A 1.00 0
Durabond) 12043-3 1112 1.221 6.89 7.22 110 65.3 94.5 Transgranular SCC 0.47 6.10E-
-A2 SFGE 1281 0.91 0.50 0.40 0.96 0.60 52.25 0.54 '06
12043-4 1.160 1.227 6.97 711 135 70.4 96.5 Transgranular ScC 0.46

Note: values in red were excluded as not representative or produced by an apparent measurement error.

13
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2.5.1 Chemical Analyses and Electrochemical Potential

As shown in Table 5, the initial solutions were nominally 60-70% air saturated. Prior to testing
with an air purge, solution aeration increased to 90 to 97% of saturation (estimated to be 60-80
ppm dissolved oxygen). Pre- and post-test water concentrations in the SFGE were in the range
1.1-1.2 wt% (approx. 1 vol %) that showed adequate exclusion of ambient moisture. Most of the
pHe measurements showed a slight increase in pHe during testing. Values of corrosion potential
of the steel SSR specimens were all in the range 110 to 135 mV versus Ag/AgCl (Ethanol).
These values were within the range of electrochemical potential where SCC is commonly
observed in ethanolic solutions.

2.5.2 SSR Ratios

Some scatter in Table 5 was observed in the SSR ratios (especially RA ratio) for the four pipe
steels, but use of the composite ratio (without the RA ratio included) helped in the interpretation
of results. The SSR ratios generally showed values in the range of 0.69 to 0.93 for UTS ratio,
0.50 to 0.66 for TTF ratio, 0.40 to 0.62 for EP ratio, and 0.85 to 1.08 for RA ratio. The RA ratio
showed values greater than 1.0. Elimination of the RA ratios from the composite ratio yielded
values tightly grouped in the range 0.60 to 0.67 indicating comparable (moderate) susceptibility
to SCC based on the SSR test data.

By comparison, the fracture area (% ductile) ratios for the four pipe steels were in the range 0.46
to 0.67 with all of the higher strength pipe steels have lower values (in the range 0.46 to 0.56)
than observed for the X-60 material which were 0.61 to 0.67, which indicated more ductile
fracture on the fracture surfaces of the specimens of the X-60 steel tested in SFGE.

2.5.3 CGR Evaluation

The results of CGR analysis performed on the N-SSR specimens tested in SFGE are shown in
Table 5. All values of CGR were in the 10° mm/sec range. The minimum value of CGR was
found in this set of tests was 3.08x10° mm/s (for the X-60 steel) with slightly higher values for
all high strength (X-70/X-80) steels in the range 5.74 to 6.01x10° mm/s. All of these values of
CGR are in line with literature data showing crack growth rate values obtained using slow strain
rate techniques as investigated by Congleton et.al.; the differences shown may not be
significantly different due to the accelerated nature of the SSR test.” Normally, crack growth
rates obtained using slow strain rate techniques are considered “worst case” or “high values” as a
result of the imposed high stresses and dynamic straining of the specimen. Open literature also
suggests that no major differences were found between crack growth rates derived from slow
strain rate or conventional fracture mechanics approaches under comparable stress conditions.®

An evaluation of the fracture morphology of the tested specimens by SEM revealed
predominantly transgranular SCC on the fracture surfaces of all steels tested in SFGE.

7 J. Congleton, and G. Sui, —The Stress Corrosion Cracking of Heavily Sensitized Type 316L Stainless Steel in
Water in the Temperature Range 50-100°C, Corrosion Science, Vol. 33, No. 11, Nov. 1992, pp.1691-1717.

¥ S.W. Dean, —Review of Recent Studies on the Mechanism of Stress Corrosion Cracking in Austenitic Stainless
Steels, Stress Corrosion — New Approaches, ASTM STP 610, 1976, West Conshohocken, PA, pp. 308-337.
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Representative SEM micrographs of the tested N-SSR specimens used for the computation
of the CGR are shown in

Figure 3 that shows one baseline air test fracture and three fracture surfaces from specimens
tested in SFGE. It should be noted that all N-SSR tests tested in SFGE had a similar appearance
with a ring of flat fracture (mostly transgranular with some secondary cracking) at the bottom of
the notch (outer portion of the fracture surface). This brittle region changed into a ductile region
(characterized by micro-void coalescence) moving into the center portion of the test specimen.
This is where the final ductile (rapid) fracture of the N-SSR specimen occurred. By comparison,
the fracture surfaces of baseline N-SSR tests performed in air where completely ductile in nature.

X-80 DSAW-SFGE Test X-60 DSAW-SFGE Test

Figure 3. SEM fracture surface images for N-SSR specimens tested in SFGE.
2.6 Results of Kiscc Evaluation

The calculated values of Kjscc obtained from the analytical evaluation procedure as discussed
earlier are shown in Table 5. The Kjscc values of the steels tested in the SFGE environments
ranged from 55 to 65 ksiVin with the X-60 steel having the highest values in this range. The air
fracture toughness values based on the same N-SSR method ranged from 90 to 97 ksiVin. The
relative susceptibility of the material in the environment using a Kjscc ratio (ratio of stress
intensity in environment to air) indicated that the three higher strength (X-70/X-80) steels had
ratios in the range 0.54 to 0.61 while the older X-60 steel had slightly higher values of 0.68.
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Based on a review of the N-SSR data shown in Table 5, it appeared that the results from the SSR
composite ratio yielded one view of the relative susceptibility to ethanol SCC in these steels
(somewhat lower SSC resistance in the X-60 steel versus the higher strength X-70/X-80 pipe
steels). By comparison, the CGR, Kjscc and fracture area analysis suggest that the opposite may
be true. However, in total, the differences among the steels tests were considered small with all
steels showing moderate susceptibility to ethanol SCC.

These results also indicate another important aspect of ethanol SCC in steel equipment. Survey
information presented in the API 939D’ report for constructional ASTM steels (A36, A53, A516,
etc.) show that the threshold stress intensity for ethanol SCC in the range 35 to 65 ksiVin
depending on the environment. Lowest values have typically been in synthetic laboratory
environments such as SFGE. In these previous tests, the concentration of inorganic chlorides
were at the “old” maximum level defined by the ASTM D 4806 standard of 40 ppm (mg/kg)
prior to its change in 2009. In the present study, the concentration of inorganic chlorides used
was the “current” maximum level defined by this ASTM standard which is 10 ppm. This
reduction in the inorganic chloride concentration of SFGE could reduce the severity to ethanol
SCC and thereby explain the higher resistance shown by the steels in this study versus the
previous data for piping and plate steels.

To further put the data from this program into perspective, values of threshold stress intensity for
the initiation of SCC in other environments can be much lower in the range of 15-30 ksiVin. In
the case of ethanol SCC of steels as shown herein, the values for threshold stress intensity for
SCC in SFGE were in the range of 55 to more than 65 ksiVin. The data from this study correlates
well with the apparent SCC service experience for handling and storage of fuel grade ethanol in
steel equipment which suggest that ethanol SCC is not a systemic problem, but rather limited to
highly stressed locations in equipment where tensile stress and stress intensity could be high
enough to be in the range where ethanol SCC can initiate and propagate. Additionally, most of
the ethanol SCC failures and leaks encountered in field operations have been in tanks and piping
made from constructional steels. By comparison, only two reported cases of ethanol SCC have
been observed in pipeline segment in the API survey thus far and both were in field bends
subject to cold work and likely high tensile stresses.

2.7 Key Findings

Based on the results of Task 1.1 presented herein, the following findings were noted:

1. The results of conventional SSR ratios (comparing UTS, TTF, El and RA from SSR tests
in SFGE and air) and alternative analyses (fracture area, CGR and K;scc) gave somewhat
different indications of relative resistance to ethanol SCC.

2. However, the differences in ethanol SCC resistance between the older X-60 and newer
and higher strength X-70 and X-80 steels when considered based on composite ratios
(that averaged TTF, PE, UTS and RA ratios) were considered minor with all steels
showing moderate susceptibility to ethanol SCC.

? API Technical Report 939-D, —Stress Corrosion Cracking of Carbon Steel in Fuel-Grade Ethanol: Review,
Experience Survey, Field Monitoring, and Laboratory Testingl, Second Edition, May 2007.
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3. The data from Task 1.1 indicated no systematic effect of CE or other variables on ethanol
SCC susceptibility. The work of subsequent tasks (Tasks 1.2 and 1.4) also review SCC
tendencies with respect to CE.

4. Kiscc values of threshold stress intensity for ethanol SCC of the pipe steels in this task
were in the range 55 to 65 ksiVin which as higher than 35 - 65 ksiVin for constructional
steels (ASTM A36 and 53) in previous API studies. Therefore, values of Kjscc for the
pipe steels evaluated in this task were higher than those observed in constructional steels
in previous studies when tested in SGFE environments.

5. These differences may result from higher actual resistance of the pipe materials to
ethanol SCC or differences in the concentration of inorganic chloride used. This study
used the maximum level of 10 ppm given in current version of ASTM D4086 for FGE
versus 40 ppm as define in previous versions of this ASTM standard and used in prior
studies.

6. The steel selected in this task to be used in the Task 1.2 welding study was material A3
(HON# 11798; X-80 DSAW). Details of the chemical composition, mechanical
properties, metallurgical processing and microstructure for this steel are given in
Appendices A and B of this report and will be discussed further in Task 1.2.
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3 Task 1.2: Effects of Welding and Residual Stress
3.1 Objective

This task investigated the effects of welding as one of the prime sources of internal surface
residual stress. In this case, residual stresses were produced by standard and innovative welding
procedures and measured on the inside surface both in the pipe hoop and axial directions. The
residual stress in non-post weld heat treated (non-PWHT) weldments can sometimes be larger
than the pressure-induced stresses in an operating liquid pipeline, but usually limited to
confirmed surface regions. Two residual stress modification methods have been recommended in
previous programs for ethanol SCC prevention: internal surface shot-peening and post-weld heat
treatment (PWHT) and these have been included in this and subsequent tasks.

3.2 Approach

Residual stresses in as-welded pipe materials are substantially relieved by cutting the pipe
material down to standard test specimens for SCC resistance testing. To properly examine the
effect of welding techniques and potential reduction of associated residual stresses on prevention
of ethanol SCC, a combination of experimental techniques were used that included the
measurement of residual stresses on full-section pipe specimens followed by the application of
stresses of similar magnitude on machined SSC tensile specimens (per the original test plan that
what subsequently modified).

Two levels of strength of filler metal were used, those with 80 ksi minimum UTS (ER80S-G)
and those with 70 ksi minimum UTS (E7010 and ER70S-G). Because the A3 pipe significantly
exceeded the minimum strength of the X80 grade, both of the fillers would be considered as
undermatched at minimum properties. Additionally, some of the welding procedures used to
produce weldments in this task, varied from those commonly used in the field.

The baseline weld method (Weld #1) was designed according to standard field welding
procedures for liquid pipelines, i.e. pulsed gas metal arc welding (GMAW-P). The weld
procedure included “higher—strength” (80S-G) filler material. However, automated welding
procedures were utilized for the fabrication of the test samples in this task. Automated welding is
seldom used on small diameter pipelines (due to economics). It is highly likely that any newly
constructed, ethanol dedicated line would be smaller in diameter (12-16 in. diameter). Further,
the current and projected ethanol production and its diverse geographic distribution make the
construction of a large diameter pipeline highly unlikely for ethanol service. In retrospect, all or
most of the welding in this project should have been made with 100% SMAW welding. Since no
all-SMAW welding was used, one can speculate or estimate how these types of welds would fair
in comparison.

In response to this potential criticism, the general behavior of residual stress was anticipated to
differ only slightly between common processes for pipeline girth welding, since shrinkage of the
weld metal in the hoop direction will induce yielding during cooling in the hoop direction and
bending of the pipe wall. These are the primary factors that will generally induce internal surface
tension in the transverse direction. Multi-pass welding allows subsequent passes to temper the
effects of earlier passes, tending to lower the peak residual stresses on the inside surface
compared to the outside surface.
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Replacing P-GMAW with SMAW for the root and hot pass with the more open tie-in bevel for
the fill and cap passes allowed an approximation of the residual stresses allowing for this
tempering action in combination with the effects of the larger weld bevel requiring more weld
deposition.

A tie-in weld (Weld #2) modeled the weld made in the pipeline between two pipeline segments.
Such welds commonly use a wider bevel opening, thus using more weld metal and have a greater
ratio of weld cap width-to-weld root width. Root and hot pass were made by shielded metal arc
welding (SMAW) and a “lower-strength filler metal (E7010), with the remainder being pulsed
GMAW (GMAW-P) and “higher-strength” (80S-G) filler metal. While this allowed the weld to
more closely match others in this series for heat input, it would not match normal tie-in practice
which would use SMAW throughout.

Preheat without PWHT (Weld #3) utilized preheat of 670 F and was envisioned with the
minimum interpass temperature also raised to 670 F. Heating was then gradually ramped down
after the welding is completed.

The PWHT (Weld #4) was a standard treatment per the guidance of ASME Section VIII for local
PWHT. This technique was expected to reduce the maximum residual tensile stress to less than
20% of the yield strength of the pipe material.

The weld case (Weld #5), was envisioned that the test weld will have the root and hot passes
(and possibly additional filler passes) made with GMAW electrodes and be finished with
GMAW electrodes.

For the preheat with lower temperature PWHT (Weld #6), a preheat of 320 F was treated with
the minimum interpass temperature also to 300 F. Heating was gradually ramped up to 850 F and
held for 2 hours, followed by a gradual reduction to room temperature.

In all cases, residual stresses were measured by the blind-hole-drilling technique. More
information on this technique is provided in the Section 3.4. Actual welding parameters versus
those planned will be indicated later in this section. It is also acknowledged that make simulated
field welds can be difficult and that actual welding parameters can vary from those in the
planned experiments. Therefore, the results of these experiments should be carefully reviewed
and applied only after such considerations.

3.3 Task Description

A total of six (6) pipeline girth welds were produced using varying welding, preheat and PWHT
procedures. Baseline mechanical properties, microstructures, and residual stresses were
evaluated. Following the baseline assessments, the original plan was to perform the following on
each weld procedure: SCC tests using cyclic SSR (C-SSR) tests in air and SFGE solution to the
maximum tensile stress levels observed in the residual stress measurements combined with
normal pipeline operation stresses. However, if no SCC was observed in the initial C-SSR tests
in SFGE, then the final set of SSR tests would be performed using N-SSR approach using a
monotonically increasing strain-to-failure. However, as discuss later in this section, this
methodology changed somewhat based on new information on two pipeline segments that
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exhibited ethanol SCC where the pipelines were subject to field bending prior to being place in
service and exposed to FGE.

The specimen condition following SSR testing was documented by selective use of SEM, where
needed, to characterize the fracture features for the presence of SCC, if and when produced in the
ethanolic environment. The results included the raw SSR tensile data (for environment and air
tests), basic and composite SSR ratios versus baseline air tests values, and if N-SSR tests were
employed, they would be analyzed using the Honeywell approach involving fracture analysis as
described previously in Task 1.1.

3.4 Methods and Procedures

3.4.1 Materials

A detailed analysis of the N-SSR test results from Task 1.1 (as discussed in the previous section
of this report) showed that steel A2 had the lowest apparent resistance to ethanol SCC; however,
actual differences in the ethanol SCC resistance of steels Al1-3 were relatively small with all
showing moderate susceptibility to ethanol SCC. The results also indicated that, based on the
composite ratio of the N-SSR parameters (which averages basic SSR ratios), these steels ranked
similar to the X-60 grade steel used as a baseline for older but better than relatively high carbon
(ferritic/pearlitic) piping and plate steels used in previous API ethanol SCC research. Based on
these results the team decided to choose one of these steels (Al or A3) for further evaluation
under Task 1.2 and 1.3.

The choice of pipe for the residual stress study was expected to be based solely on ethanol SCC
resistance of the base pipe. Given the small differences found in the initial ethanol SCC testing
between the three pipes under consideration (See Task 1.1), some other means of judging was
needed. The A3 pipe (X-80) was chosen as there was greater difference in strength from previous
studies and experience on low strength pipe steels, thus allowing a greater possible variance from
experience. Additionally, it was not preferred to weld the greater thickness A2 pipe, because it
would be further from the likely thickness range of pipelines for ethanol service.

After detailed discussions with EWI representatives about strength and welding considerations,
the Honeywell project team decided to utilize steel A3 (HON# 11798; X-80 DSAW) for the Task
1.2 investigation. Details of the chemical composition, mechanical properties, metallurgical
processing and microstructure for this steel are given in Appendices A and B of this report.

3.4.2 Welding

Welding is one of the prime sources of residual stress, with tensile stresses being produced by
standard welding procedures on the inside surface, both in the pipe hoop and pipe axial
directions. These tensile stresses are present not only at the inside surface of the weld metal, but
are distributed into the adjacent heat affected zone (HAZ) and base metal. In some cases, the
residual stresses from welding can easily be larger than the pressure-induced and other
mechanical stresses in an operating liquid pipeline. Designers will often use the yield strength of
the pipe material as an estimate for the maximum value of welding-induced residual stress.

The industry has generally recommended two residual stress modification methods in previous
programs for ethanol SCC prevention: internal surface shot peening and post-weld heat
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treatment. Shot peening provides local (surface) compressive residual stress, while post-weld
heat treatment reduces the magnitude of both tensile and compressive residual stresses from
welding. In this task, the team evaluated the effect of post-weld heat treatment on residual
stresses as described below.

One issue addressed in this task was that residual stresses are substantially relieved when pipe
material is cut down to small test specimens for SCC testing. Hence, researchers often conduct
specimen testing with additional stresses (beyond those expected from the primary design
stresses) that are often in the range 80 to 100% of the steels actual yield stress (or beyond).
Examining welding techniques for modifying or reducing residual stresses and quantifying an
associated benefit through a reduction in SCC susceptibility is challenging. As mentioned earlier,
researchers cannot assume the machined test specimens retain the residual stress found in the
pipe. The original plan in this task was to use a two-step approach to overcome this challenge:

e In Step 1, EWI measured the residual stress distribution in the sample weldments.
e In Step 2, Honeywell evaluated these stress distributions as additive to normal pipeline
design stress levels.

However, after review of two recent field failures/leaks in two field bent pipeline segments
resulting from ethanol SCC, it was eventually decided that the applied stresses for SSR testing
would be derived from allowable levels of cold working in field operations (e.g. field bending)
and the actual stress levels in the post-yield region of the stress-strain curve. This alternative
approach was used to determine the stresses to apply to the machined tensile specimens used in
cyclic SSR tests. The results from this analysis and SSR tests are presented later in this report
(See Section 3.4.3). This section of the report is dedicated to describing the details of the welding
and residual stress measurements and the analysis of this data prior to making this change.

3.4.2.1 Welding/Post Weld Heat Treatment Methods and Parameters

As shown in Table 6, the plan was for EWI to use a baseline welding technique and five alternate
welding procedures on the pipeline girth welds of steel A3. EWI cut twelve 22-in. long rings
from the A3 pipe that were used to make the six planned girth welds. The ring length allowed the
free end to be more than seven times the square root of the radius times the square root of the
thickness, approximating a pipe without end effects, even though such short pieces would not
generally be allowed for pipeline construction. This table also shows the associated welding
methods for each weldment. The baseline weld method (with limitations) is one that could be
used for field welding of liquid pipelines, i.e., pulsed gas metal arc welding (GMAW-P). The
alternate welding techniques using different weld consumables and varying pre- and post-heat
parameters from the baseline weld (Number 1) are also described in Table 6.

Table 6. EWI designations for Girth Welds on Pipe A3

EWI Designation Modification from Baseline
Weld
Number
1 Baseline None
2 Weld Design Tie-in weld with wider bevel opening
3 Preheat 670°F minimum preheat and interpass temperature
4 PWHT PWHT to 1125°F
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5 Filler metal Reduced strength filler metal
Add combination of 320°F preheat and low temperature post-weld
heat treatment (PWHT) to 875°F

6 Preheat/PWHT

Each ring was milled on one end with a bevel. EWI made five pairs of weld rings with the
designed for similarity with automated on-site welding as illustrated in
Figure 4.

Joint Design
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Figure 4. Compound Bevel for Approximating Field Automatic Welding

A final pair of weld rings was milled with a 30 degree bevel with the feather edge on the inside
and the opening to the outside; the bevel most commonly used for tie-ins was used on Weld 2.

Each pair of rings was tacked together using gas tungsten arc welding (GTAW) which were
approximately 1 in. long. It was realized that the use of tack welds rather than internal or external
line-up clamps may affect the residual stress. The team found that the fit-up was best if the long
seams were nearly matched across the bevels. They ground away the tack welds after the pipes
had been joined with a root pass. EWI applied preheating and any required interpass heating with
electrical resistance heating, using an insulation blanket to preheat to the highest temperature.

For all external weld beads, EWI placed the welds at the top of a rotating pipe. While rotating the
pipe during field construction is often done to optimize fit-up, aligning the long seam weld is
almost never done in the field. It was realized that, in fact, many operators have strict
requirements for a minimum amount of seam offset (for long seam failure crack speed arresting).
It was realized that this practice differs between the experimentation in this task and real
practice.

The pipe samples used in Task 1.2 were also rotated to obtain a more uniform residual stress
over large regions of the circumference (with the exception of the location where the two
opposing weld seams were mated). This meant that more of the girth weld was in the uniform
section away from the long seams. Similarly the weld start-stop region was located adjacent to
the long seams to minimize the region of variant residual stresses.
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The rotation of the pipe meant that somewhat higher heat input procedures would be used in this
study than in field welding applications for similar pipes. This allowed more deposition per pass
and limited the tempering effects of subsequent passes on the root bead, since the subsequent
passes were further from the root and cool more through the sides of the weld bevel.

EWTI applied a root bead for all the automated-type welds (Welds 1, 3, 4, 5, and 6) from the
inside at the bottom of the rotating pipe. Internal weld beads were made before external weld
beads on the same pipe. By rotating the pipe rather than the welding torch, EWI was able to
obtain a more uniform weld around the circumference. This more uniform weld was obtained
with the trade-off that it was less like field-location welding which is done without pipe rotation.

The baseline weld method (Weld 1) was one reasonably expected to simulate field welding of
liquid pipelines, i.e., pulsed gas metal arc welding (GMAW-P). It included the “higher-strength
of the two filler materials. The alternate welding techniques use different parameters from the
baseline as described in more detail in

Table 7, which includes the procedures used for the root pass. For Weld 2 in the tie-in
configuration, the root pass was welded in eight segments with the first segment at a lower
preheat.

Table 7. Basic Girth Welding Parameters and Modification to Base Case

EWI Designation Preheat | Heat Input | Electrode | Modification from Baseline
Weld (°F) (kJ/in) at
Number Weld Bead
Root
1 Baseline 160 7.7 80S-G None.
2 Weld Design 150-200 |  28-42 E-7010 | Lie-in weld with wider bevel

opening.
670°F minimum preheat and

3 Preheat 670 8.0 80S-G .
interpass temperature.
4 Post-weld Heat Treatment 170 7.0 80S-G PWHT to 1125°F.
5 Filler metal 190 75 708-G | Reduced overmaich filler
metal.
Add combination of preheat
6 Preheat/PWHT 320 8.0 g0s-G | nd low temperature post-

weld heat treatment (PWHT)
to 875°F.

The detailed welding parameters used to make the six girth welds in Material A3 are given in

Table 8. EWI made welds with electrode designations 80S-G and 70S-G with the gas metal arc
welding (GMAW) process. The welds made with electrode designation E7010 were made with
the shielded metal arc welding (SMAW) process (on Tie-in Weld 2 only). The team determined
these parameters based on preliminary testing of welds on steel plate. This method fit with
welding in the flat position on the pipe segments, but would not be appropriate for developing
field welding procedures for girth welding of stationary pipe in the 5G position.
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Where lower strength electrodes were used, the fill passes were made with the higher strength
electrode with the GMAW process, allowing more consistency with the other pipe welds.

Table 8. Detailed Girth Welding Parameters

Weld Voltage Travel Wire Weld Preheat Heat Electrode Notes
Speed Feed Bead (°F) Input
(ipm) Speed (kJ/in)
(ipm)

1 baseline 20.4* 27 220%* Root 160 7.7 80S-G
22.5 40 280 Hot 170 6.1 80S-G
22.6 12.8 291 Fill 1 160 21.4 80S-G
22.0 7.4 183 Fill 2 155 26.6 80S-G

2-tie-in 28.9-31 4-6 Root 150-200 28-42 E7010 8 sections
29 4.9 Hot 225 35.66 E7010
21.5 10.9 280* Fill 1 170-180 24.7 80S-G
23 12.5 250* Fill 2 170-180 15.6 80S-G
22 7.1 183 Split capl 170-180 23.3 80S-G
223 7.1 182 Splitcap2 | 170-180 22.9 80S-G

3-preheat 20.9 26 158 Root 670 8 80S-G 2 repairs
21.5 38.2 279 Hot 685 6.5 80S-G
22.1 124 251 Fill 1 650 19.4 80S-G
21.8 7.0 186 Fill 2 650 26.8 80S-G
4-PWHT 20.6 27 228 Root 170 7.0 80S-G
22 40 281 Hot 185 6.2 80S-G
22.8 12.1 250 Fill 1 185 18.8 80S-G
223 7.62 182 Fill 2 190 21.9 80S-G
S-low 19.8 27 250 Root 190 7.5 70S8-G

strength

21.9 40 279 Hot 190 6.3 705-G
23.4 12.8 249 Fill 1 200 17.0 80S-G
22.5 7.6 181 Fill 2 200 21.2 80S-G
6-pre+post 19.7 27 248 Root 320 8.0 80S-G
21.8 40 280 Hot 320 6.6 80S-G
22.7 12.3 250 Fill 1 320 18.6 80S-G
21.9 7.4 183 Fill 2 320 22.7 80S-G

* Note: Value estimated from available information.
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EWI ground the pipe between passes to prevent retention of slag and improve the shape of
the surface for subsequent passes (see

Figure 5). They also performed some grinding while welding to improve the weld start region.
Timings for grinding were used to help avoid requirements for additional welding repairs.
Grinding can relieve residual stress, while repairs would be expected to increase stresses in
localized areas.

Figure 5. Grinding of Weld Cap between Passes

25



Final Report DTPH56-09-T-000003

The team completed the welding of all the automated-t pe welds with a single cap pass as

shown for baseline Weld 1 in
Figure 5 and Figure 6.

Figure 6. Welding Seen through Yellow Protective Curtain

Where required, the team performed weld repairs; the most extensive repairs were made to the
root of the weld with the high temperature preheat. The reason for this situation was that preheat
prevented close observation of the internal root pass. Repairs were made with matching preheat
before moving on to the subsequent beads.

An outside contractor performed the post-weld heat treatment because they could provide heat
treatment records for each pipe section. The heat treating protocols for the two post weld heat
treated (PWHT) welds were as follows.
Weld 4 - PWHT Protocol

e Heatto 1,125 F at a rate of 400 F/hr.
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e Hold at 1,125 F for 30 minutes
e Cool to 800 F at a rate of 500 F/hr.
e Air cool in still air from 800 F to room temp.

Weld 6 — PWHT Protocol
e Heatto 875 F at a rate of 400 F/hr.
e Hold at 875 F for 30 minutes
e Cool to 800 F at a rate of 500 F/hr.
e Air cool in still air from 800 F to room temp.

3.4.2.2 Residual Stress Measurements with Hole-Drilling Method

EWI made residual stress measurements on the baseline weld (Weld 1) by the blind hole-drilling
technique under ASTM E837.'° Measurements were made on the inside surface at positions from
I inch to 14 inches from the average long seam weld and at positions of 0.5 inches, 2 inches and
4 inches from the centerline of the girth weld.

(@ ]
Figure 7. Schematic of geometry of Typical 3-Element Strain Gage Rosette

Strain gage rosettes with three elements of the general type schematically illustrated in Figure 7
were placed in the areas intended for residual stress measurement (actual configuration of a
rosette used for stress measurement is shown in Figure 8). A hole was drilled at the geometric
center of the strain gage rosette. The hole was drilled to 0.08-in. diameter and approximately
0.08-inch deep at the center of a strain gage rosette of 0.202-inch diameter and type FRS-2-11.
The residual stresses in the area surrounding the drilled hole relaxed as a result of the hole-
drilling operation. The relieved strains were measured with a strain-recording instrument.

'© ASTM E837 - 08¢l Standard Test Method for Determining Residual Stresses by the Hole-Drilling Strain-Gage
Method, ASTM, West Conshohocken, PA
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According to ASTM E837, this test method applies in cases where material behavior is linear-
elastic. In theory, it is possible for local yielding to occur due to the stress concentration around
the drilled hole, for isotropic (equi-biaxial) residual stresses exceeding 50% of the yield stress, or
for shear stresses in any direction exceeding 25% of the yield stress. However, in practice it has
been found that satisfactory results can be achieved with this method for residual stresses up to
60% of the material yield stress.

Figure 9. Schematic representation of residual stresses and strains around hole.

Figure 9 shows a schematic representation of the residual stress and typical surface strain
relieved when a hole is drilled into a pipe specimen. The surface strain relief is related to the
relieved principal stresses.
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The relieved strains g;, €, and €3 are measured by three correspondingly numbered strain gages
as previously shown in Figure 7. Measurement of these three relieved strains provides sufficient
information to calculate the principal stresses Gm., and o, and their orientation using the
equations in the ASTM standard. For reasons of pictorial clarity in Figure 9, the principal
residual stresses Opax and G,,, are shown as uniformly acting over the entire region around the
hole’s location. The stresses beyond the hole’s boundaries do not affect the relieved strains.
Because of this, the hole-drilling method provides a localized measurement of residual stresses.

3.4.3 Testing for Ethanol SCC

The SSR test specimens were machined from the region in the base metal adjacent to the HAZ
region of the six girth welds made in the A3 pipe approximating the location of near-weld stress
measurement. From cases of ethanol SCC in service, it was found that the base metal region
adjacent to welds is a preferential location for in-service ethanol SCC in steel equipment.

It was realized that specimen machining would relieve residual stresses from welding. Therefore,
the original intent of testing was to impose applied stress levels equal in magnitude to the
residual stresses plus normal operational stresses. However, as discussed later in this section, this
approach was modified to investigate the influence of post-yield plastic deformation which had
been found associated with two cases of ethanol SCC in field deformed pipe in field survey work
performed in a different program. Details of the rationale for the selection of straining
parameters and applied stresses are discussed in detail later in this section.

The ethanol SCC test methodology included cyclic loading of SCC specimens exposed to a
synthetic field grade ethanol (SFGE) and in air for a comparative assessment. The specimens
were loaded to a stress level corresponding to a pre-determined peak stress followed by slow
cyclic straining between that and a lower stress point. Originally, the upper and lower stress
points were going to be determined by the resultant residual stresses plus normal design stresses.
However, during this program it was learned that ethanol SCC failures/leaks documented in
ethanol pipeline segments in a survey of ethanol SCC experience conducted by the API were
associated with field bends. There have been no other reported cases of ethanol SCC in steel
pipelines (as differentiated from steel equipment in facilities fabricated from piping and plate
steels) in the API survey. Therefore, additional consideration was given to stresses produced by
post-yield plastic deformation that could be a cause for the initiation and propagation of ethanol
SCC.

The original test plan also called for a cycling rate based on an extension rate of 4 x10° in/s
during loading and a faster unloading rate of 1x10™ in/s. It also intended to include load cycling
between a maximum stress (as determined from the residual and maximum operating stresses)
and a lower stress point 20 percent below the peak stress (R ratio = 0.8). Based on this approach,
the tests were to run for a period of up to 14 days, 100 cycles, or failure whichever occurred first.
The results of cyclic SSR (C-SSR) tests in SFGE were to be compared to baseline cyclic SSR
tests performed in air on the same materials. If no ethanol SCC was observed in the cyclic SSR
evaluation in SFGE, conventional notched SSR (N-SSR) tests were to be performed per methods
given in NACE TMO111 (cited previously in Task 2.1) in the SFGE solution.
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As mentioned above, during the course of this program additional information became available
from API field survey studies (a) citing ethanol SCC failures and leaks in two pipeline segments
subjected to field bending, as well as (b) other research efforts involving attempts to simulate
ethanol SCC under laboratory conditions without using the conventional SSR tests but involving
cyclic testing. Conventional SSR test procedures (per industry standards such as ASTM G129
and more recently NACE TMO111 for ethanol SCC) involve monotonically increasing strain-to-
failure of smooth or notched specimens. These methods are generally acknowledged to be more
severe than loading conditions in industrial applications and do not allow for assessment in terms
of a threshold stress (or stress intensity) for ethanol SCC. However, they have been relied on for
laboratory evaluation since they produce fractures similar in nature to field failures resulting
from ethanol SCC and more reliably produce ethanol SCC failures than method involving
statically loaded specimens. An extensive summary of the additional considerations for cyclic
testing (including cycling rates and post-yield testing), repassivation kinetics of test specimens in
ethanolic solutions and application of plastic pre-strain to cyclic SSR test specimens are given in
Appendix E.

As a result of the aforementioned considerations and an attempt to simulate conditions that may
have caused in-service ethanol SCC in pipeline segments, the test methodology was changed to
include the following procedures:

e (Calculations were made that combined residual stresses with allowable operational
stresses per applicable API and ASME codes.

e Determination of the post yield stress-strain behavior of the test specimen through testing
of SSR and conventional tensile specimens in air for each material in this task.

e Simulation of field bending by tensile elongation of SSR specimens to 60% of the plastic
strain corresponding to the material UTS.

e Cycling of SSR specimens in air and in SFGE between an upper stress point
corresponding to the load at 60% of the strain to UTS and a lower stress point of 50% of
the upper stress (R =0.5).

e Use of a cyclic loading rate based on an extension rate of 4 x10° inch per second for non-
notched SSR specimens during both loading and unloading to allow more time for
repassivation during the unloading cycle of the test. This extended stress range and
slower unloading rate resulted in 64 cycles being attained during the intended 14 day
duration of the cyclic SSR tests versus 100 cycles.

At the completion of load cycling of specimens in air and SFGE, any non-failed specimens were
pulled-to-failure in air and the results from the specimens initial cycled in SFGE were compared
to the results from corresponding specimens cycled in air. This comparison included both the
examination of the post-test stress-displacement curves for both air and SFGE conditions, and
calculation of SSR ratios based on UTS and plastic elongation. The specimens were also
examined for evidence for incipient ethanol SCC on the fracture surfaces or secondary cracking
on the gage section of the specimens.

Any materials that did not show evidence of ethanol SCC resulting from the cyclic loading of the
SSR tests using the aforementioned procedures were tested for ethanol SCC using notched SSR
(N-SSR) specimens and analyzed based on SSR ratios and with a fracture mechanics
methodology developed by Honeywell (as described in Task 1.1).
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3.5 Results

3.5.1 Residual Stress Measurements

For completeness, the detailed analysis and results of the residual stress measurements for the “A
Series” pipes are shown graphically in Appendix F. The general pattern of residual stress results
was similar for all pipe samples:

e The highest hoop and axial residual stresses were measured remote from the long seam
(14-in. away) and at 0.5-in. from the girth weld (centerline).

e Residual stresses measured at 2-in. from the weld were generally compressive, while
those measured 4-in. from the girth weld were more compressive in the axial direction
than in the hoop direction.

e Despite the presence of compressive residual stresses, tensile residual stresses were also
noted.

The tie-in weld (Weld 2) results indicated compressive stresses of higher magnitude than those
for the baseline weld (Weld 1), likely indicating differences due to the higher heat input, larger
weld volume and lower consumable strength for the root and hot passes. The addition of preheat
and post-weld heat treat (PWHT) in Welds 3 and 4 did not greatly change the distribution of
residual stresses, although their peak magnitudes were reduced.

To more accurately represent the magnitude of biaxial residual stresses, a multiaxial approach
was required to determine the magnitude of the effective tensile residual stresses.

3.5.2 Residual Stress Analysis

The procedure that Honeywell used for the analysis of the residual stress measurement results
consisted of studying the variation of parameters as a function of the distance from girth weld
centerline on each pipe. The parameters utilized for the residual stress analysis were as follows:
e Hoop stresses determined from residual stress measurements as a function of distance
from the girth weld center line.
e Axial stresses determined from residual stress measurements as a function of distance
from the girth weld center line.
e Effective Von Mises stress, o, (equivalent stress for multiaxial loading conditions) was
computed based on hoop and axial stress components for a particular location using the
following equation:

oy = \/(011 — 02)? + (029 — 033)% + (011 — 033)* {1}
2

Where,

o11 = Hoop stress component (ksi)
022 = Axial stress component (ksi)
033 = 0 ksi (z-direction stress)
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It should be noted that in the above equation, 633 = 0, since the stress field is bi-axial at a given
surface measurement location, consisting of only the hoop and axial components.

The results of the analyses on the six welds on the A3 pipe are provided in Appendix G for hoop,
axial and the resultant Von Mises effective stress and summarized below:

Weld #1 (Baseline) — The analysis revealed that the pipe section had a peak tensile
residual stress value of 25.9 ksi in the axial direction, with a maximum effective Von
Mises stress of 23.3 ksi.

Weld #2 (Tie-in Weld) — The peak tensile residual stress was in the hoop direction
adjacent to the weld and it was 14.6 ksi, which was lower than Weld 1. The maximum
effective Von Mises stress value of 19.7 ksi for this weld condition (lower than observed
for Weld #1).

Weld #3 (Preheat) — The analysis showed that the peak tensile residual stress values were
around 51 ksi, observed adjacent to the weld in the axial direction. The maximum
effective Von Mises stress was calculated to be 45.2 ksi (higher than Weld #1).

Weld #4 (PWHT) — As expected, the magnitudes of residual stresses were smaller after
PWHT. The peak tensile residual stress was observed in the hoop direction adjacent to
the weld, with a value of 8.1 ksi. A maximum effective Von Mises stress value of 7.2 ksi
was computed for this weld condition (much lower than Weld #1).

Weld #5 (Filler Metal) - The results on residual stress analysis conducted on Weld 5 with
the lower strength filler material showed that the pipe section had a peak tensile residual
stress value of 11.0 ksi in the axial direction, with a maximum effective Von Mises stress
of 17.9 ksi. This was somewhat higher than observed in Weld #4, but lower than for the
other welds.

Weld #6 (preheat & PWHT) — The analysis showed that the peak tensile residual stress
values were around 17.8 ksi, observed adjacent to the weld in the axial direction. The
maximum effective Von Mises stress was computed to be 16.3 ksi. These values were
higher than observed in Weld #4 where PWHT alone was used.

These results are summarized in Table 9 in terms of stress values and percent of the specified
minimum yield strength (SMYS) which for the A3 material was 80 ksi.

Table 9. Peak Tensile Stress and Von Mises (VM) Stress in Welds

Peak Tensile Stress Peak VM Stress
(ksi) %SMYS | Direction (ksi) %SMYS

Weld #1 Baseline 259 32% axial 23.3 29%
Weld #2 Tie-in 14.6 18% hoop 19.7 25%
Weld #3 Preheat 51.0 64% axial 45.2 57%
Weld #4 PWHT 8.1 10% hoop 7.2 9%
Weld #5 Filler 11.0 14% axial 17.9 22%
Weld #6 Pre+PWHT 17.8 22% axial 16.3 20%

As shown in this table, the tensile residual stresses (both peak tensile and Von Mises effective
stress) arising from welding were generally low (less than 30% SMY'S for all cases except one.
This was Weld #3 that employed preheat of the pipe prior to welding (and no PWHT) where the
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peak tensile stress on the ID of the pipe was 51 ksi (64% SMYS) with a Von Mises stress of 45.2
ksi (57% SMYS). The higher level of stress around this weld may be correlated to repairs
performed to the root pass on the inside surface, but were reported as measured for this sample
pipe. As expected the lowest tensile residual stresses were in the PWHT weld with peak tensile
and Von Mises stresses that were less than 10% SMYS. All other cases examined had peak
stresses in the range 14 to 32% SMY'S and Von Mises stresses between 20 and 29% SMYS.

To examine the role of these joining stresses on the potential for ethanol SCC, they were
combined with the allowable stresses per APl and ASME standards. Table 10 shows the results
of the residual stress analyses when combined with the allowable operating stresses based on
allowable levels for a hazardous liquid pipeline. In some cases, the combination of residual
stresses and operating stresses produced resultant stresses that were in excess of the material
yield strength. Therefore, it was necessary to determining the stress-strain relationship of the
steel to obtain the strains based on the values of the effective Von Mises stress and pipe
operating stresses. Further, Honeywell obtained the total elastic strain by the summation of the
individual elastic strains for the Von Mises and pipe operating stresses. They determined the
equivalent stress (in the plastic region) corresponding to the total elastic strain through linear
interpolation of the estimated stress-strain relationship. The step-by-step procedure used for the
analysis is outlined in Appendix H.

The actual yield strength for the A3 steel was indicated as 92 ksi on the mill certificate which
greatly exceeded the 80 ksi SMYS for this material. Conformational tests performed during this
program for near-weld, base metal round-bar specimens (without flattening) taken from all six
welded joints indicated that an average actual yield strength for A3 of 93.4 ksi, which matched
well to the value on the mill certificate. As shown in Table 10, the total effective stresses in the
six welded samples in the A3 material ranged from 81 to 116% of SMYS (100% of AYS). The
highest stress was calculated for sample A3-Weld#3 that had preheat used prior to welding and
as expected the lowest stress case was for sample A3-weld#4 with PWHT. Interestingly, the
baseline weld case showed that combined residual and operating stresses can produce stresses on
the ID surface of the pipe equal to 101% of SMYS (87% of AYS). Thus, this part of the study
indicated that the only weld procedure that resulted in substantially lower residual + operational
stresses, was the one with the ASME stress relief PWHT (Weld #4). All other weld procedures
resulted in residual + operational stresses in excess of 90% SMYS versus 81% SMYS (69%
AYS) for Weld #4 with PWHT.
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Table 10. Results of Evaluation of Residual and Operating Stress in Task 1.2 Weldments

Max.
Weld Heat . . M‘ax. Eff. Total Total
No. . . Preheat Modification Residual . g
Designation | Hon No. Input Electrode . . Orientation | Von Stress Stress
(All (F) . from Baseline Tensile . . ,,
A3) (kJ/in) Stress (ksi) Mises (ksi) (%SMYS
(ksi) /%AYS)
1 Baseline 12168 160 7.7 80S-G None 25.9 Axial 23.3 80.9 101/87
Tie-in weld
2 Weld 12169 | 150200 | 2842 | ETOIOF i wider 14.6 Hoop | 197 | 773 | 9783
Design 80S-G .
bevel opening
650 F min
3 Preheat 12170 670 8.0 80S-G preheat and 51.2 Axial 45.2 93.1 116/100
interpass temp.
4 PWHT 12171 170 7.0 80S-G PWHT 8.1 Hoop 7.2 64.8 81/69
70S-G Reduced
5 Filler Metal 12172 190 7.5 R0S-G strength filler 11.0 Axial 17.9 75.5 94/81
metal
Add
Preheat/ combination of .
6 PWHT 12173 320 8.0 80S-G preheat and Tow 17.8 Axial 16.3 73.9 92/79
temp PWHT
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3.5.3 Ethanol SCC investigation on A3 Weldments

3.5.3.1 Cyclic SSR Testing

As discussed in the SSR procedure description in Section 3.4.3, the initial testing for ethanol
SCC was per a cyclic SSR regime that included plastic deformation in the form of a tensile pre-
strain to 60% of the displacement to UTS followed by 14 days of load cycling between the peak
load (at the post yield pre-strain point) to 50% of this stress value resulting in an R ratio of 0.5.
This resulted in approximately 64 load cycles during the test period. Both air and SFGE
environment tests were performed using this load cycling regime.

The aforementioned procedure proved unsuccessful in producing ethanol SCC from cyclic
loading in SFGE. None of the SSR specimens from six A3 steel weldments (described in Table 6
through Table 10) All were intact after testing and when the gage sections were observed with
low power (20X) light-optical microscopy, no surface cracks or fissures were observed. As a
result, for comparative purposes, both the SSR tensile specimens from cyclic testing in air and in
SFGE were pulled-to-failure in air to determine (a) if incipient cracks were present in the gage
section of the SSR specimens and open as a result of the subsequent pull-to-failure, and (b) how
the residual tensile properties (UTS and elongation) were affected by cycling in SFGE by
comparison with the corresponding properties from air-cycled specimens.

All SSR specimens previously cycled in air failed in a ductile manner without signs of incipient
ethanol SCC either on the primary fracture surface or in the gauge section of the SSR specimens
when pulled-to-failure in air. The fracture mode consisted of ductile, cup-cone failures with a
predominance of ductile, micro-void coalescence and shear features on the fracture surfaces. No
major differences in the characteristics were observed on the fractures of these specimens and
those cycled in air and pulled-to-failure in air. Figure 10 shows representative low and high
magnification SEM fracture photographs exhibited by air cycled SSR specimen and
subsequently pulled-to-failure in air.

o 1 L)

15.0kV S DY 500 um o n e _. :
Figure 10. Fracture of SSR specimen pre-strained, cycled in air and pulled-to-failure in air
from A3-Weld #1 (HON# 12168) showing ductile fracture mode.

It was expected that the SSR specimens that were pre-strained to 60% of the strain to UTS and
cycled in SFGE would show some signs of ethanol SCC by complete failure while in test or at
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least have incipient cracks that would later open when pulled-to-failure in air. However, no
evidence of ethanol SCC was observed in any of the base metal, pre-strained SSR specimens (a)
cycled in SFGE or (b) cycled in SFGE and subsequently pulled-to-failure in air. All of these
SFGE-tested specimens showed a fracture mode consistent with ductile, cup-cone failures with
micro-void coalescence on the fracture surface similar to corresponding SSR specimens pre-
strained, cycled and pulled-to-failure in air. Figure 11 shows representative low and high
magnification SEM fracture photographs exhibited by SSR specimen pre-strained and cycled in
SFGE and subsequently pulled-to-failure in air.

|_|

_ . e 0% 500 um 15.0kV 100X 100 um
Figure 11. Fracture of SSR specimen pre-strained, cycled in SFGE and pulled-to-failure in
air from A3-Weld #1 (HON# 12168) showing ductile fracture mode.

A summary of the cyclic SSR test results from Task 1.2 are presented in Error! Reference
source not found.. This table shows the following information:
e Material/specimen designations
e Test environments (air or SFGE)
e Ratios of UTS and plastic elongation from the final pull-to-failure in air comparing the
data from SSR specimens cycled in SFGE to the corresponding air cycled specimens.

Table 11. C-SSR ratios of UTS and Plastic Elongation for Task 1.2

Weld No. Test UTS Plastic Ratios (Env Test/Air)
Designation Condition [ksi] Elongation [in] | UTS | Plastic Elongation
| Baseline S?CI:E g;; g:igg 1.00 0.71
2 Weld Design S?SE g;g 8122 1.02 1.16
3 Preheat S?CI:E ggg 3:1?3 1.03 0.89
g T ey e
5 Filler Metal S?CI:E ggg 3:(1);2 1.04 0.67
Preheat6/PWHT S?érE g:z 8 (l)ég 1.01 0.78
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Error! Reference source not found. shows the C-SSR results of the air test and SFGE test for
each of the six welded materials. There was not a large variation in UTS between air and SFGE
tests for any of the materials; UTS ratios were in the range of 1.0 to 1.04 indicating slightly
higher UTS values for SFGE tests. This indicated no reduction in load carrying capacity of the
C-SSR specimens cycled in SFGE versus those cycled in air.

However, five of the six materials showed significantly less plastic elongation after cycling in
SFGE that after air cycling with PE ratios in the range of 0.67 to 0.89, thus indicating loss in
ductility for SFGE-cycled specimens. However, no brittle crack features were observed on any
of their fracture surfaces. The mechanism of this ductility loss (or its root cause) in the SSR
specimens cycled in SFGE versus those cycled in air (and the impact on serviceability) is not
known at this time warrants further investigation in future studies. The magnitude of the ductility
loss did not correlate with the magnitude of the peak residual stresses. However, the ductility
loss may indicate a reduction in fracture toughness or indication of a situation, if left for a greater
number of cycles, could have manifested ethanol SCC.

3.5.3.2 Notched SSR Testing
The N-SSR test results obtain for the six A3 welds are shown in
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Table 12. Results of N-SSR Tests for Six A3 Welds

Ratios (Env Test/Air Test)

Fracture Area Crack
Hon# | pigmation | E™ | kst | hest | PE | RA Comp| [inl [[kstinn051| Rodo | Roo |, Katio | Growth Rate
g UTS | TTF | PE | RA | o o0 : (%Ductile) [mm/s]
. Air [113.3/ 499 | 5.4 | 66.9 33.8 107.7 100.0 -
12168 | 1 Baseline 0.970.76 | 0.63 | 0.83 | 0.80 1.59 | 0.78
SFGE|109.9| 38.0 | 3.4 | 55.4 53.7 84.5 63.6 5.65E-06
, Air |121.6] 53.6 | 6.4 | 67.2 66.1 113.9 100.0 -
12169 | 2 Weld Design 0.90|0.65|0.47(0.82 | 0.71 0.69 | 0.70
SFGE|109.9| 349 | 3.0 | 55.2 459 79.3 67.7 5.50E-06
Air [120.9] 48.4 | 5.3 | 68.2 60.8 111.3 100.0 -
12170| 3 Preheat 0.95]0.70 | 0.59 | 0.81 | 0.76 090 | 0.73
SFGE|115.3| 34.1 | 3.1 | 55.5 54.5 81.4 68.3 5.07E-06
Air |128.4] 59.5 | 6.1 | 63.0 81.7 127.6 100.0 -
12171 4 PWHT 0.9310.59 | 0.44 | 0.85 | 0.69 0.69 | 0.63
SFGE|119.7] 35.1 | 2.7 | 53.4 56.5 80.9 68.4 5.72E-06
_ Air |114.2] 57.0 | 6.2 | 68.5 62.4 120.4 100.0 -
12172 5 Filler Metal 1.000.67 | 0.670.77 | 0.75 0.70 | 0.63
SFGE|113.8] 38.2 | 4.1 | 52.9 43.4 76.0 63.9 6.47E-06
6 Air [119.1] 572 | 6.2 | 67.7 63.2 117.2 100.0 -
12173 0.90|0.63|0.52|0.84 | 0.72 0.83 | 0.70
Preheat/PWHT |SFGE|107.1] 36.3 | 3.3 | 56.9 52.5 81.6 63.4 5.75E-06
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. As shown in this table, all of the welds exhibited high UTS ratios in the range from 0.90 to
1.00. Thus, ethanol SCC did not occur until very high stresses (approaching the UTS in air) were
attained in the N-SSR tests. Therefore, the major impact of ethanol SCC was observed to take
place in the post-UTS region of the stress/displacement curve with concomitant reductions in the
time-to-failure (TTF), plastic elongation (PE), reduction in area (RA) versus corresponding N-
SSR tests conducted in air. The SSR ratios for TTF, EP, RA and K;scc were generally in the
mid-range (0.44 to 0.82) but mostly in the range 0.60 to 0.80 showing moderate susceptibility to
ethanol SCC in the N-SSR test.

After the initial analysis of the N-SSR data and examination of the stress/elongation curves was
complete, it was noticed that the Kisccqi) ratio for the baseline weld (HON# 12168) was different
than the rest of the values (i.e. greater than a value of 1.0; indicating more toughness in SFGE
than in air, which is abnormal). It was observed that the stress/elongation plot for this material
for the air test had a different shape and normally observed with the ratio of Y'S to UTS of nearly
1.0 (See Appendix K). The N-SSR test run in SFGE was of the more conventional shape with a
larger gap between the YS and UTS. It was then realized that this difference in shape of the
stress/elongation curve also resulted in a low K value for the air test as the normal calculation
method for Kjscc included the area under the stress/elongation curve in the range of the YS to
UTS and not to complete failure of the test specimen.

It was then decided to modify the normal calculation method for the Kjscc to include the
complete area under the complete area stress/displacement curve in the post yield region. This
approach was used to calculate the Kiscc(o) values. The values of the Kiscc(2) ratios were now all
properly less than 1.0. However, it should be realized that the Kiscc(1) values are formally more
correct and follow normal fracture mechanics conventions. Further research on fracture effects
should examine Kjgcc results from SSR testing in the SFGE environment.
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Table 12. Results of N-SSR Tests for Six A3 Welds

Ratios (Env Test/Air Test)

Fracture Area Crack
Hon# | pigmation | E™ | kst | hest | PE | RA Comp| [inl [[kstinn051| Rodo | Roo |, Katio | Growth Rate
g UTS | TTF | PE | RA | o o0 : (%Ductile) [mm/s]
. Air [113.3/ 499 | 5.4 | 66.9 33.8 107.7 100.0 -
12168 | 1 Baseline 0.970.76 | 0.63 | 0.83 | 0.80 1.59 | 0.78
SFGE|109.9| 38.0 | 3.4 | 55.4 53.7 84.5 63.6 5.65E-06
, Air |121.6] 53.6 | 6.4 | 67.2 66.1 113.9 100.0 -
12169 | 2 Weld Design 0.90|0.65|0.47(0.82 | 0.71 0.69 | 0.70
SFGE|109.9| 349 | 3.0 | 55.2 459 79.3 67.7 5.50E-06
Air [120.9] 48.4 | 5.3 | 68.2 60.8 111.3 100.0 -
12170| 3 Preheat 0.95]0.70 | 0.59 | 0.81 | 0.76 090 | 0.73
SFGE|115.3| 34.1 | 3.1 | 55.5 54.5 81.4 68.3 5.07E-06
Air |128.4] 59.5 | 6.1 | 63.0 81.7 127.6 100.0 -
12171 4 PWHT 0.9310.59 | 0.44 | 0.85 | 0.69 0.69 | 0.63
SFGE|119.7] 35.1 | 2.7 | 53.4 56.5 80.9 68.4 5.72E-06
_ Air |114.2] 57.0 | 6.2 | 68.5 62.4 120.4 100.0 -
12172 5 Filler Metal 1.000.67 | 0.670.77 | 0.75 0.70 | 0.63
SFGE|113.8] 38.2 | 4.1 | 52.9 43.4 76.0 63.9 6.47E-06
6 Air [119.1] 572 | 6.2 | 67.7 63.2 117.2 100.0 -
12173 0.90|0.63|0.52|0.84 | 0.72 0.83 | 0.70
Preheat/PWHT |SFGE|107.1] 36.3 | 3.3 | 56.9 52.5 81.6 63.4 5.75E-06
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When examining the composite ratios of all the data (ratios for UTS, TTF, PE, RA and Kiscc()),
the range of values were from 0.69 to 0.80. These values were in the range of moderate
susceptibility to ethanol SCC and nearly the same for all welds with the baseline weld (Weld #1
— HON# 12168) showing the highest SSR composite ratio value (most resistant to ethanol SCC)
and PWHT weld (Weld #4 — HON #12171) showing the lowest resistance. However, as
mentioned previously, the SSR ratios for all six welds were considered in the same general range
of moderate SCC susceptibility and did not signify major differences in ethanol SCC behavior
among these weldments using the N-SSR test.

The values of N-SSR fracture area ratio (% ductile in SFGE) and ethanol SCC crack growth rate
(CGR) also indicated similar SCC behavior for the six weldments. The fracture area ratios in
terms of percent ductile fracture on the primary fracture surface for the weldments ranged from
63.4 to 68.4% (very close spacing of data); thus, corroborating the interpretation of similar
ethanol SCC susceptibility of these materials. Similarly, the CGR values were also similar and
ranged from 5.0 to 6.5 x 10 mm/sec.

All of the N-SSR specimens tested in SFGE exhibited similar fracture features including an outer
ring of mostly brittle, transgranular cleavage produced by ethanol SCC with some secondary
cracking. The feathery appearance at the edge of the brittle SCC region also suggests that crack
branching likely occurred as is common with ethanol SCC. The ethanol SCC region initiated at
the bottom of the notch and propagated into the specimen until reaching a critical size where the
specimen could no longer sustain the load on the specimen. At this point, the central ductile
region was produced resulting from the final fracture event (See Figure 12). By comparison, the
fracture surface for the baseline N-SSR tests performed in air exhibited ductile fracture over its
complete fracture area, which is shown in Figure 13.

150k 5 100X =100 um

Figure 12. Fracture surface of steel from weldment #1 (ON# 12168) tested in SFGE.

15.0kV 30X 500 um
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15.0kV 30X 500 um

Figure 13. Fracture surface of steel from we

Ildment #1 (HON# 12168) tested in air.

3.6 Key Findings

Based on the results of Task 1.2 presented herein, the following findings were noted:

1.

In some cases (such as in Weld #3), anticipate benefits in reducing residual stress through
weld procedure modification were not observed. This may have been due to variability in
weld procedures from those intended in the test plan, start-stop issues, or other
uncontrolled variables. Care should be taken in the review of this data and the user should
take into account sources of variability between sample and field welds, and the fact that
actual field welds may have different residual stresses from those made in this task.
During the program, it was decided to not utilize the residual stresses as a basis for
loading the SSR specimens used in the ethanol SCC tests. However, the residual stress
data for each sample weld are presented below as determined in the following.

Peak tensile residual stresses ranged from 7 to 45 ksi when analyzed using a Von Mises
multiaxial stress analysis. The highest tensile residual stress was in Weld #3 with preheat
only whereas the lowest tensile residual stress was in Weld #4 using PWHT per ASME.
Five of the six welds exhibited high levels of peak tensile stress when residual stresses
were combined with maximum allowable operating stresses per the ASME/API codes for
hazardous liquids pipelines.

The only weld to exhibited significantly lower tensile residual stress was Weld #4 that
involved PWHT.

When the peak tensile residual stresses were combined with the maximum allowable
operating stresses for hazardous liquids pipelines, five of the six welds exhibited an
effective surface stress on the inner surface of the pipes in the range of the SMYS and
AYS.

Welds #1 (Baseline) and #3 (Preheat) had the highest combined effective stresses (peak
residual and maximum operating) in the range of 101 to 116% SMYS and 87 to 100%
AYS.

Welds #2 (Tie-in weld), #5 (Filler Metal) and #6 (Preheat+PWHT) had combined
effective stress (peak residual and maximum operating) in the range 92 to 97% SMYS
and 79 to 83% AYS.

Weld #4 (PWHT) had a combined effective stress (peak residual and maximum
operating) of 81% SMYS and 69% AYS.
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10.

11.

12.

13.

14.

15.

16.

Mitigation of ethanol SCC through management of peak residual tensile stresses in
operating pipeline appeared to be a viable only one of the sample welds examined in
Task 1.2. This weld procedure was the one that employed PWHT per ASME
requirements. As indicated previously, the residual stresses determined were not used as a
basis for loading the SSR specimens used in the evaluation of ethanol SCC.

Ethanol SCC was not observed in any specimens machined from the base metal adjacent
to the welds in the six welded pipes when exposed to SFGE in cyclic SSR tests involving
pre-strain to 60% of the displacement to UTS and cycling from that stress to 50% of that
stress (R ratio = 0.5).

The post-test pull-to-failure in air of the non-failed cyclic SSR tests performed in air and
in SFGE on the base metal adjacent to the six Task 1.2 welds all exhibited ductile failure
and UTS ratios versus air tests near a value of 1.0 with no evidence of incipient ethanol
SCC. However, some of the C-SSR specimens cycled in SFGE showed loss of ductility
versus the baseline air tests with PE ratios in the range 0.67 to 0.89.

The mechanism of the ductility loss and its impact on potential susceptibility to ethanol
SCC is not know at this time and may require further investigation. This effect may
indicate a pre-initiation SCC phenomenon that, if left to a greater number of cyclic, may
have resulted in ethanol SCC.

The N-SSR tests using a monotonically increased strain-to-failure (without cycling)
indicated no major differences in ethanol SCC resistance for the six weldments made in
the A3 steel. UTS ratios were near 1.0 suggesting ethanol SCC initiated late in the tests
around the time the UTS was reached. Composite ratios were in the range 0.69 to 0.80
indicating moderate susceptibility to ethanol SCC.

The ductile fracture area on the N-SSR specimens for all materials were similar (63.4 to
68.4%) as where the CGRs (5.0 to 6.5 x 10° mm/sec). Kisce using original calculation
method (Kiscc(r)) for specimens exposed to SFGE were in the range 43 to 57 ksiVin)
which highest values observed for Weld #4 (PWHT).

The conventional N-SSR methodology (monotonically increasing strain-to-failure)
concentrates on the post yield behavior of the material and thus does not relate to the
conditions of residual stress in the weldment. In this light, it more appropriately focuses
on the inherent SCC behavior on the base material near the six welds, which in the cases,
was similar for all conditions examined.
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4 Task 1.3: Evaluation of Surface Treatment Effects
4.1 Objective

This task evaluated several surface modification techniques that could be applied in the field to
change the ethanol SCC characteristics of the pipe internal surface, including areas of peak
stresses in the system.

4.2 Approach

Surface treatments (including two levels of shot peening) and one (1) baseline (non-treated)
condition were examined. The shot peening treatment conditions were based on the premise that
the initiation of ethanol SCC can be mitigated or reduced by reducing the peak level of tensile
stress through shot peening to delay the onset of ethanol SCC or possibly mitigate it completely.
Other treatments were used that (a) significantly changed the corrosion potential of the material
through local galvanic coupling and/or active metal coating or (b) imposed a dielectric barrier
between the material and the environment with polymeric coatings. A combination of smooth
SSR and N-SSR test specimens was chosen for Task 1.3 depending on the particular type of
evaluation.

4.3 Task Description

This task evaluated several internal surface modification techniques that could be applied in
areas of peak stresses in the system. In this task, a total of nine (9) conditions were evaluated
(eight (8) surface treatments and one (1) baseline, non-treated condition). Specimens were
documented photographically and by selective use of SEM, where needed, to characterize the
fracture features. The raw data and SSR ratios with the baseline data were evaluated and
reported.

4.4 Methods & Procedures

4.4.1 Materials

All tests performed in Task 1.3 were performed on specimens machined from steel pipe material
A3 (HON# 11798) previously described in Task 1.1 with chemical composition, mechanical
properties and microstructure provided in Appendices A and B.
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Table 13 shows the material conditions, surface treatments, galvanic coupling and specimen
types used in this task. The surface treatments, coatings and coupling included:

Baseline (no-treatment)

Shot peening (low and high intensity)

Polymeric coatings (Phenolic and Novolac Epoxies; specimens soaked for 24 hours and 1
week in SFGE prior to testing)

Painted (field applied pipeline coating)

Metallic coatings (Zinc and copper)

Aluminum (Galvanically coupled)

For all of the polymeric coating used on SSR specimens, normal application techniques were
used as recommended with the coating formulation and used in standard coating procedures.
These included the use of an anchor pattern by particle blasting prior coating application.
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Table 13. Material/Experimental Conditions Evaluated in Task 1.3

HON# Date Run Coating/Surface Treatment Specimen Type Environment
11798-1 7/16/10 | Baseline Notched Air

11798-2 7/19/10 | Baseline Notched Air

11798-3 7/23/10 | Baseline Notched SFGE

11798-4 7/26/10 | Baseline Notched SFGE

11798-5 4/8/11 | Shot Peened Low Intensity Smooth SFGE

11798-6 4/10/11 | Shot Peened Low Intensity Smooth SFGE

11798-7 4/15/11 | Shot Peened Low Intensity Smooth Air

11798-12 4/13/11 | Shot Peened High Intensity Smooth Air

11798-13 4/13/11 | Shot Peened High Intensity Smooth SFGE

11798-14 4/18/11 | Shot Peened High Intensity Smooth SFGE

11798-1-3 4/22/11 | Baseline Smooth SFGE

11798-2-3 4/29/11 | Baseline Smooth SFGE

11798-3-3 4/25/11 | Baseline Smooth SFGE

11798-4-3 4/28/11 | Baseline Smooth SFGE

11798-17 6/5/11 | Phenolic Coated Notched SFGE (24 hr. soak)
11798-18 6/8/11 | Phenolic Coated Notched SFGE (24 hr. soak)
11798-19 1/23/12 | Phenolic Coated Notched SFGE (1 wk. soak)
11798-13 6/14/11 | Novolac Coated Notched SFGE (24 hr. soak)
11798-14 7/26/11 | Novolac Coated Notched SFGE (24 hr. soak)
11798-15 1/16/12 | Novolac Coated Notched SFGE (1 wk. soak)
11798-25 8/14/11 | Painted Notched SFGE (24 hr. soak)
11798-26 8/18/11 | Painted Notched SFGE (24 hr. soak)
11798-27 2/14/12 | Painted Notched SFGE (1 wk. soak)
11798-5 9/8/11 | Zinc Coated Notched SFGE

11798-6 9/8/11 | Zinc Coated Notched SFGE

11798-9 10/5/11 | Copper Coated Notched SFGE

11798-10 10/10/11 | Copper Coated Notched SFGE

11798-21 2/14/12 | Aluminum Couple Notched SFGE

11798-22 2/24/12 | Aluminum Couple Notched SFGE

11798-29 11/10/11 | Shot Peened Low Intensity Notched SFGE

11798-30 11/14/11 | Shot Peened Low Intensity Notched SFGE

11798-32 11/21/11 | Shot Peened High Intensity Notched SFGE

11798-33 12/1/11 | Shot Peened High Intensity Notched SFGE

4.4.2 Specimens
As mentioned previously, a combination of smooth (non-notched) SSR and notched SSR (N-
SSR) specimens were used for the Task 1.3 evaluation. Figure 1 shows the machining details and
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Table 13 shows the particular type of SSR specimen used for evaluation of each type of surface
treatment. Basically, the smooth and notched SSR specimens were used for the tests with shot
peening and the N-SSR specimens were used for the coating evaluation. Figure 14 shows the
condition of the smooth SSR specimens following shoot peening for both low and high intensity
of peening.

N 0 ,
U U 1 enetr

Figure 14. Close-ub i)ho-tos of gége section of shdt-peened SSR tensile specimens.

The N-SSR test was chosen for evaluation of the polymeric and metallic coatings in Task 1.3 so
that the various surface treatments could be evaluated in the present of a significant surface
discontinuity (i.e. notch) as is commonly the case in real world situations.

The benefits (if any) from surface treatment or coating could be in either delaying the onset of
ethanol SCC various means (e.g. coverage of the metal surface, change in corrosion potential,
compressive residual stresses) or through reducing the tendencies for ethanol SCC crack
propagation (e.g. change in corrosion potential or reducing the potential difference or current
flow between the crack tip and the bulk exposed surface). The N-SSR approach admittedly
involves a severe exposure condition including, a significant stress concentration around the
notch, dynamic plastic straining, and high applied stress (at or above the material yield strength).
However, due to the potential engineering realities and somewhat unconventional approach of
attempting to mitigate SCC with surface treatments and coatings rather than material approaches
addressed in this task, the use of the N-SSR technique was deemed warranted.

The project team reviewed the approach for the active metal and polymeric coatings of the SSR
specimens for Task 1.3. It was decided that for active metal coatings (zinc and copper),
electroplating would be used to deposit the coating on the specimens where possible. A small
region (approximately 0.1 in.) in the center of the gage section was left uncoated so as to create
an artificial defect in the coating (exposing the base steel). On the other hand, the polymeric
coatings on the test specimens covered the entirety of the wetted portion of the SSR specimens
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with no defect included. Honeywell also investigated an additional pipeline internal coating
(painted) that could be field applied and compatible with ethanol. It was not possible to find a
vendor to aluminum plate the specimens so galvanic coupling of the SSR specimen to an
aluminum anode in SFGE was used to evaluate the galvanic effects between steel and aluminum
on ethanol SCC.

Prior to testing, the specimens were cleaned with toluene and subsequently rinsed with distilled
water and dried in air. Furthermore, on each specimen, the gage section diameter was measured
to the nearest 0.001 in.

4.4.3 Stress Analysis on Shot Peened Pipe Surfaces

EWI cut two extra segments from the base metal adjacent to the weld in the Weld 1 sample
(made from the A3 steel in Task 1.2) and provided these sections to Metal Improvement
Company for peening. Additionally, 15 SSR specimens of A3 pipe material provided after
machining by Honeywell were also provided for peening. The same two different levels of shot
peeing were used.

Once peening had been performed, the pipes were visually inspected and sent to Lambda
Technologies for x-ray residual stress measurement of the peened surface. The SSR specimens
were sent to Honeywell. EWI retained the Almen strips (used to determine the intensity of shot
peening) provided by Metal Improvement Company. Honeywell subsequently received the SSR
specimens from EWI with two levels of shot peening: described as “heavy” (0.010 in. profile)
and “light” (0.005 in. profile).

The researchers tested the specimens using the conventional SSR method with a monotonically
increasing strain-to-failure (same as used in Task 1.1 of the program). The procedure resulted in
plastic straining during exposure, and the team selected this procedure to emulate a severe case
of ethanol SCC. This straining was expected to produce local breaks in the organic coatings and
also moderate the effects of the compressive residual stress resulting on the shot peened surface
of the specimens. The researchers conducted duplicate tests in air and in SFGE for the treated
surfaces and baseline condition (no surface treatment).

4.4.4 Ethanol SCC Testing

Honeywell conducted SSR testing in a SFGE solution adhering to the composition provided in
ASTM D4806. The composition of test solution utilized for the N-SSR tests is shown in Table 4.
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Honeywell conducted SSR testing using the test frame and setup as shown in

Apl A pCUVEROH
Beference
Electrode
Gaz In
Do
Frobe
Test Test
Specimen Chamber

Figure 2. They used a glass cell as a test vessel with tests conducted at an extension rate of 1x10°
% in/sec. The test apparatus included a dehydrator through which the test gas passed prior to
entering the test cell and a gas outlet that was fitted with an oil trap. The corrosion potential
(open circuit potential) of the specimens was measured at regular intervals and recorded with the
use of a specially designed Ag/AgCl/Ethanol reference electrode. Furthermore, the dissolved
oxygen level in the test solution was also measured. All SSR tests were performed under
continuously aerated conditions (using cylinder breathing air) and under monotonically
increasing strain-to-failure at ambient room temperature. After the completion of the tests, the
specimens were removed from the test cell, cleaned and the gage or notched section measured to
the nearest 0.001 in. to determine reduction in the cross-sectional area. Further details of this
procedure can be found in Task 1.1.

Honeywell determined the extent of brittle SCC failure and ductile failure on the fracture surface
of the tested specimens by SEM. SSR ratios, composite ratio and fracture analysis of notched
specimens were also used to define the extent of ethanol SCC. Supplemental analysis of the
ethanol prior to and after testing included the water content per ASTM E203 and pH, per ASTM
D6423. The SSR test results for each surface treatment condition were compared to the
corresponding baseline test performed in air. These procedures were the same as described in
details in Task 1.1.
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4.5 Results

4.5.1 Residual Stress Determination

EWI cut two sections of the A3 pipe containing the baseline weld at the center of a 16 in. x 45 in.
segment from this weld. Honeywell provided fifteen tensile samples for shot-peening to go with
weld areas to be peened.

Two levels of peening were selected which were designated by the contractor, Metal
Improvement Company, as 110H (“light”) and 170H (“heavy”) with the greater level of peening
in the 170H. The peening intensity for 110H was designated as 0.003-0.005 in. and for 170H as
0.008-0.010 in., corresponding to the expected depth of the compressive stress layer. The
contractor then performed shot-peening on the inside surface of the pipe segments.

Once the surface treatments were complete, the pipe was visually inspected and sent to Lambda
Technologies for x-ray residual stress measurement of the peened surface. The corresponding
shot peened SSR specimens were sent to Honeywell.

Lambda Technologies cut down the two pieces to approximately 3 in. squares with one side
parallel to the girth weld. The first cuts were across the axial direction, followed by cuts across
the hoop direction. The measurements were taken at 0.5 in. from the weld centerline. The
condition of the specimens after measurement is shown in Figure 15 for the 110H specimen and
in Figure 16for the 170H specimen.

Lambda Technologies provided a report of their results. The measured residual stresses,
accounting for the relaxation during cutting performed before measurement and other effects of
the measurement method, are shown in Figure 17. The surface residual stresses were very similar
on the specimens with the different levels of peening. However, the level of peening did have an
effect on the sub-surface level of compression and the depth of that compressive layer.

The lower level of peening produced residual compressive stresses to between 0.004-0.006 in.
deep in both directions. The higher level of peening resulted in compressive residual stresses to
between 0.010-0.013 in. deep in both directions. The level of compression was greater in
magnitude at all the depths measured for the higher level of peening. Both peening levels had
slightly more compression on average for the axial direction than for the hoop direction.
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Figure 16. Residual stress measurement region on H170 peened surface.
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Figure 17. Residual stress results for shot peened internal surfaces.

4.5.2 Ethanol SCC Testing

The results for the Task 1.3 SSR tests are presented in Table 14 and Table 15. The tables
includes the sample description, test environment, pH. before and after testing, water content
before and after testing, the average corrosion potential, dissolved O, concentration, the average
SSR parameters/ratios (ratio of SFGE to air test), and the results of SEM evaluation.

4.5.2.1 Influence of Shoot Peening on Ethanol SCC

The Honeywell team conducted a detailed analysis of the data shown in Table 14 in order to
determine the effect of the surface treatment (shot-peening) on the smooth SSR tensile
specimens. The analysis consisted of comparing the results of the composite SSR ratios from
tests (in SFGE) conducted with the surface treatment condition (shot-peened samples) with the
baseline sample (no shot-peening).

The composite SSR ratio was around 0.95 (average of UTS, TTF, %El and %RA) for the
baseline (non-short peened) condition in SFGE. This was higher than the average of the ratios
(0.85) obtained for the specimens with both the “low” and “high” levels of shot-peening
intensity. These results show a decrease in ethanol SCC resistance of the shot peened specimens
versus the baseline (non-shot peened condition).

The fracture features were also similar for both the untreated SSR specimens and those shot
peened to low and high levels (see below). Therefore, the differences in the SSR composite ratio
did not appear to be significant. An additional consideration is that the baseline ethanol SCC
susceptibility of the A3 material was rather low and the impact of shot peening could possible
been more substantial as if the steel had a lower resistance to ethanol SCC. The fact remains that
the trend was consistent and negative for shot peened specimens.
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The fracture morphology of the tested SSR specimens by SEM revealed mostly transgranular
SCC on the primary fracture surfaces of all specimens concentrated in the region near the surface
exposed to SFGE. In addition, all of the specimens tested in SFGE showed similar amounts of
secondary cracks on the tested specimens, as seen from the representative SEM micrographs in
Figure 18 (baseline no shot peening), Figure 19 (low intensity shot peening) and Figure 20 (high
intensity shot peening). The SEM micrographs were also used to compute the fracture area ratio
(% ductile) for each surface treatment condition. The values ranged from 0.78 to 0.91 indicating
moderate susceptibility to ethanol SCC for all three conditions. The lowest fracture area ratio
was for the low intensity shot peening whereas the baseline (untreated) and high intensity shot
peening as similar values of fracture area ratio; however, the degree of difference in these values
still might not be considered significant.

1508 W

Figure 18. Fracture region of SSR specimen (Baseline SFGE; no shot peening).

W
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The data presented for shot peening suggest that there was no improvement for shot-peening
(both low and high levels) conditions. The most likely reasons for this finding could be due to
the following factors:
e Limited susceptibility to ethanol SCC of the A3 steel.
e Limited sensitivity of the smooth (un-notched) specimens using in this part of the
evaluation
e Small gauge section in the SSR specimens
e Potential counter influences of cold work imparted during shot peening and increase in
surface roughness also impacted by the shot peening process.

After further review of the data, the project team felt that the latter two counter influences were
very likely the predominant factors resulting in the lack of benefit from shot peening on
resistance to ethanol SCC. The researchers suggest further work that explores shot peening in
larger section SSR specimens or in large-scale pipe sections.
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Table 14. Results of Task 1.3 Smooth SSR Testing on Shot Peening

Sample Avg. . Environ . Fracture
Description | Enviro Water Content Steady Dlssolvec‘i’ 0. . . SEM Fracture mental Vlsyal Area
SSRT# o pHe Conc. (% SSR Parameters / Ratios (Env./Air) y . Indica Lo
(Surface nment (wt%) State Saturation) Analysis Cracking tion Ratio (%
Treatment) E..mV Condition Ductile)
Max. Comp.
Pre Post Pre Post Pre Post Load | uts | TTF PE RA Ratio
Test Test Test Test Test Test
(Ibs) (Avg.)
“17_38' Ductile N/A T-GY 1.00
Air 1798 1617 | 1.00 | 1.00 | 1.00 1.00 1.00
23 Ductile NIA T-GY 1.00
Transgranular
cracking on Limited
. 11798- Primary face; ScC
Baseline 33 1.188 1.235 6.70 6.89 225 60.4 97.4 Secondary Susceptbil T-GY 0.86
(No Surface crackin ]
Treatment) Observeg 4 Y
SFGE 1549 | 0.96 | 0.94 | 0.93 0.98 0.95
Transgranular
cracking on Limited
11798- Primary face; scc
43 1.172 1.272 6.70 7.01 189 54.7 96.2 Secondary Susceptbil T-GY 088
cracking ty
Observed
17 Ductie NIA TeY | 100
Air 1636 | 1.00 | 1.00 | 1.00 1.00 1.00
e Ductle NIA Tey | 100
Transgranular
cracking on
11798- Primary face;
Shqt- 13 NA NA NA NA 190 61.4 94.4 Secondary SCC GY 0.81
peening- cracking
Low
. Observed
Intensity
SFGE 1584 | 1.00 | 0.85 | 0.83 0.81 0.87
Transgranular
cracking on
11798- Primary face;
14 1.225 1.284 6.55 6.12 165 60.3 95.7 Secondary SCC GY 078
cracking
Observed
11798- Ductile NIA 16y | 100
Shot- 4
P igh LU . 1608 | 100 | 100 | 100 | 100 | 100
Intensity 7 Ductile N/A T-GY 1.00
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Sample Avg. Dissolved 0, Environ Visual Fracture
Description Enviro SSRT# WaterCoontent pHe Steady Conc. (% SSR Parameters / Ratios (Env./Air) SEM Frac'ture ment.al Indica A'reao
(Surface nment (wt%) State Saturation) Analysis Cracking tion Ratio (%
Treatment) E..mV Condition Ductile)
Max. Comp.
Pre Post Pre Post Pre Post .
Test Test Test Test Test Test Load uts | TIF PE RA Ratio
(Ibs) (Avg.)
Transgranular
cracking on
11798- Primary face;
6 NA NA NA NA 205 55.4 96.5 Secondary scc T-GY 0.88
cracking
SFGE 1547 | 097 | 086 | 0.86 | 095 | 091 Obsenved
Transgranular
cracking on
11798- Primary face;
5 1212 | 1277 | 6.37 6.01 188 59.0 96.7 Secondary ScC T-GY 0a
cracking
Observed
T-Tint, GL—Gold AM—Amber  BL—Blue GY—Grey
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Table 15. Results of Task 1.3 N-SSR Testing

K|scc Ratio
Surface Treatment SSRT# SSR Parameters / Ratios (Actual/Average) (kfis\?icn) (V?;sclzj::'r)
/Average)
Composite
Max. Load (Ibs) uTS TTF %EI %RA Ratios
(Avg.)
11798-1 | 1600 107.00 53.60 6.90 56.71 90.55 1.00
1575 1.00 1.00 1.00 1.00 1.00 90.40 1.00
11798-2 | 1550 108.30 56.00 7.10 55.29 90.25 1.00
Baseline N-SSR
11798-3 | 1425 99.60 33.10 3.30 54.76 65.38 0.72
1463 0.93 0.60 0.47 1.00 0.75 65.38 0.72
11978-4 | 1500 100.30 33.10 3.30 57.72 0.00
11798-5 | 1592 121.80 73.25 10.00 48.66 103.75 1.15
Zinc Coating, N-SSR 1585 0.57 1.34 1.43 0.90 1.07 103.75 1.15
11798-6 | 1577 51.66 0.00
11798-9 | 1486 112.00 71.10 8.90 47.34 92.42 1.02
Copper Coating, N-SSR 1516 1.06 127 1.26 0.85 1.09 91.14 1.01
11798-10 | 1545 116.40 67.80 8.80 48.20 89.85 0.99
N 11798-13 | 1544 117.20 55.70 7.50 27.87 86.17 0.95
¥°"t°'§:HC‘§““If’ N-SSR 1550 1.08 0.95 1.00 062 | 092 84.30 0.93
est (24Hr Soak) 11798-14 | 1556 115.40 48.22 6.50 41.82 82.42 0.91
Novolac Coating N-SSR 11798-15 | 1507 | 1507 | 114.30 | 1.06 | 64.60 | 1.18 | 830 | 1.19 | 48.80 | 0.87 1.06 88.96 | 88.96 | 0.98 | 0.98
Test (1Wk Soak)
, N 11798-17 | 1519 112.70 66.10 7.10 26.96 96.30 1.07
.'Fhet"‘;"'t‘l:_lcgat'ag N-SSR 1506 1.05 1.19 1.07 046 | 0.96 93.22 1.03
est (24Hr Soak) 11798-18 | 1492 112.40 63.80 7.90 24.59 90.14 1.00
Phenolic Coating N-SSR 11798-19 | 1580 | 1580 | 117.20 | 1.09 | 53.80 | 0.98 | 7.00 | 1.00 | 51.11 | 0.91 | 1.01 98.51 | 98.51 | 1.09 | 1.09
Test (1Wk Soak)
. : . 11798-25 | 1513 114.00 52.00 5.70 31.63 83.72 0.93
ga'“kt Coating, N-SSR (24Hr 1516 1.05 0.94 0.83 056 | 0.85 80.13 0.89
oak) 11798-26 | 1518 112.60 50.90 5.90 31.44 76.54 0.85
22;“;)0““"9’ N-SSR(1Wk | 1179807 | 1502 | 1502 | 114.00 | 1.06 | 49.20 | 090 | 590 | 0.84 | 52.93 | 095 | 094 | 8584 | 8584 | 0.95 | 0.95
: 11798-29 | 1458 109.80 42.10 4.40 28.46 58.68 0.65
ﬁhé’;;ee"ed Low Intensity, 1460 1.02 0.75 0.61 047 | 070 61.48 0.68
- 11798-30 | 1461 110.10 39.90 4.10 23.89 64.27 0.71
: . 11798-32 | 1501 113.10 41.00 4.50 27.15 69.04 0.76
ﬁhgégee"ed High Intensity, 1478 1.03 0.79 0.66 047 | 074 67.57 0.75
- 11798-33 | 1455 109.60 45.90 4.80 25.80 66.09 0.73
Aluminum Cousle N.SSR 11798-21 | 1557 119.10 56.70 7.30 64.07 100.80 1.12
T ”T'"”m ouple N- 1532 1.08 1.01 1.01 1.15 1.06 97.02 1.07
es 11798-22 | 1506 113.50 54.00 6.80 64.89 93.23 1.03
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4.5.2.2 N-SSR Results for Shot Peening and Coatings

Additional data from Task 1.3 that utilized the N-SSR test method is shown in Table 15. As
shown in this table, the baseline (untreated) A3 steel had a lower apparent resistance to ethanol
SCC using the N-SSR method than it demonstrated in the smooth SSR test. The composite SSR
ratio for ethanol SCC was 0.75 with a Kjgcc ratio of 0.72 indicating moderate susceptibility to
SCC. As summarized in Figure 21, values of composite ratio for ethanol SCC (versus baseline
air tests) for all of the surface treatment conditions were in the range 0.74 to 1.09. These results
indicated that some of the surface treatments offered benefit over the baseline condition for
ethanol SCC (Composite ratio of 0.75) for the N-SSR testing. The surface treatments that
resulted in composite ratios greater than the baseline (non-treated condition) were:

Zinc and copper plating

Aluminum coupling

Novolac coating (both 24 hour and 1 week soak periods)*
Phenolic coating (1 week soak period only)*

Paint coating (1 week soak period only)*

*included 0.003 inch anchor pattern on specimen surface before coating application.

Neither the low or high shot peening intensities showed improvement in resistance to ethanol
SCC. The improvement in ethanol SCC performance for the phenolic and paint coating after a
soak period of 1 week versus the lack of benefit after the shorter 24 hour soak was likely the
result of softening and improved ductility of the polymeric coating after the longer ethanol
exposure period. Thus, in the SSR test (that pulls the base material beyond yield and on to tensile
failure), the more ductile coating resulting from the longer ethanol soak appeared to show the
ability to delay the onset of cracking over what occurred on the baseline uncoated specimens.

By comparison, the results of the N-SSR tests for the various surface treatments based on the
Kiscc ratio are shown in Figure 22. Kjsce ratio from the baseline condition (without surface
treatment) was 0.72 (SFGE vs. air). Values for the surface treated N-SSR specimens varied from
0.68 to 0.75. By the N-SSR, all but two surface treatments showed Kjscc ratios greater than the
baseline (untreated condition); there were:

e Zinc and copper plating
Aluminum coupling
Novolac coating (both 24 hour and 1 week soak periods)
Phenolic coating (both 24 hour and 1 week soak periods)
Paint coating (1 week soak period only)

Neither the low or high shot peening intensities showed improvement in resistance to ethanol
SCC (similar to the results from the smooth SSR tests)
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Figure 21. Composite SSR ratio for all tested conditions. Asterisks denote values based on a
single specimen.
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Figure 22. Kyscc ratio for all tested conditions. Asterisks denote values based on a single
specimen.

The results demonstrate that, on average, that some surface treatments (excluding the shot
peening) were beneficial with regard to mitigating ethanol SCC. Some of the treatments, based
on the SSR results, were capable of retarding ethanol SCC to the extent that the SSR ratios were
actually in excess of 1.0 versus 0.72 to 0.75 for the baseline case of no surface treatment.
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From the standpoint of electrochemical impact, the materials with low (more negative)
potentials, such as aluminum and zinc, performed essentially similarly to copper (which galvanic
potential is more positive than that of steel). This suggests that there are electrochemical
potentials above and below the “cracking range” for ethanol SCC where this phenomenon will
not occur and either approach can provide benefits in terms of a reduction in apparent ethanol
SCC susceptibility.

Recall that the specimens with the electrochemical coatings (Cu, Zn) did not have the coatings in
the notch (to simulate damage conditions) and the other surface treatments involved the notch
(see Figure 23 for an example).

Cu-plated specimen (prior to notch application).

Shot-peeﬁed specimen.
Figure 23. Close-up view of coated (above) and shot-peened specimens.

Therefore, the underlying mechanism of surface treatments regarding ethanol SCC mitigation
was different between galvanic coatings/treatments (Al, Cu, Zn) and those expected to act as
physical barriers (Novolac, epoxy, paint). Despite the difference in how benefit could be
imparted, as noted, the surface treatments were found to be a successful means of increasing
local resistance to ethanol SCC (with the exception of shot peening). Currently, API 939E
provides guidelines for the use of ethanol compatible coatings as a means to locally mitigate
ethanol SCC in the area of tank welds (floor, sidewall and underside roof welds). In such
situations, PWHT is actually the preferred method for ethanol SCC mitigation; however, PWHT
is impractical to impossible in some circumstances (e.g. ethanol storage tanks and roof
components) and therefore, coatings offer an attractive option as long as the coating remains an
effective barrier to FGE and ethanol-containing fuels (i.e. intact and bounded to the metal
surface).
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4.6 Key Findings

Based on the results of Task 1.3 presented herein, the following findings were noted:

1.

Shot peening was not found to provide benefits in terms of mitigating ethanol SCC on
neither smooth nor N-SSR specimens that were pulled-to-failure in SFGE. This behavior
was similar for both low and high intensity shot peening.

This lack of benefit from shot peening may have been the results of factors involved with
the test method and small specimen size used in this study. However, it is more likely that
this lack of benefit resulted from counter influences from the surface cold work and/or
increased surface roughness resulting from the shot peening.

Both the active metal coatings (zinc and copper) and the aluminum coupling provided
increased resistance to ethanol SCC of steel test specimens when tested in SFGE using
the SSR tests.

Both Novolac and Phenolic epoxy coatings and a hand applied paint coating provided
benefits in terms of delaying the onset of ethanol SCC when applied to steel specimens
when tested in SFGE using the SSR tests.

Benefits from polymeric coatings in terms of ethanol SCC mitigation where enhanced
with a longer 1 week soak period in SFGE versus data generated after a soak period of
only 24 hours. The added benefit of the longer soak period was likely due to softening of
the polymeric coating that provided increased ductility of the coating in the SSC test.
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S Task 1.4: Evaluate Effects of Pipe Manufacturing Process
5.1 Objective

This Task evaluated the residual stresses in the pipe material resulting from various pipe
manufacturing methods. It utilized a similar methodology developed in Task 1.2 and discussed
previously herein. The pipe making methods used in this task were all commercial processes and
variants and precursors of the normal processes by which the plate is shaped into pipe, the
joining method of the long or helical seam, and subsequent operations (e.g., cold expansion)
which are known to affect the strength of the material and residual stresses in the finished pipe
which might also influence resistance to ethanol SCC.

5.2 Approach

Eight pipe ring sections (referred to as B series pipes) with several possible combinations of
metallurgical and manufacturing variables were evaluated in Task 1.4, as were available in
commercially produced pipeline products. It was originally preferred to examine all pipes from
one pipe grade (e.g. API 5L X-70); however, it became necessary to solicit pipes in API 5L X-
60, X-65/70 and X-60X-80 grades to fill the matrix.

As much as possible, the pipe samples were selected as close as possible to the target grade (X-
70), diameters and wall thicknesses. However, due to pipe availability at the time of
procurement, trade-offs in these variable were necessary, but they were considered to produce
only second order effects in residual stress and were inconsequential with respect in SCC testing.

Both cold expanded and non-expanded pipe were included. While cold expansion provides an
increase in pipe dimensional accuracy and roundness, as well as an increase in the yield strength
in the hoop direction, it may also impact ethanol SCC resistance through its influence on
strength, imparted cold work and resultant residual stresses in the finished pipe after
manufacture. Prior to this effort, no such studies had been conducted on this possible influence.

As discussed in Task 1.2, during the course of this program additional information became
available from API field survey studies citing ethanol SCC failures and leaks in pipeline
segments subjected to field bending, and from other ethanol SCC research efforts involving
attempts to simulate ethanol SCC under laboratory conditions without using the conventional
SSR strain-to-failure test involving cyclic loading at applied stress levels both below and above
the material yield strength).

Conventional SSR test procedures (per industry standards such as ASTM G129 and the newly
established NACE TMOI111 test method for ethanol SCC — See Task 2.3a herein) involve
monotonically increasing strain-to-failure of smooth or notched specimens. These methods are
generally acknowledged to be more severe than loading conditions in industrial applications
resulting from the use of straining of the specimen past yield and the material UTS. However,
they have been relied on for laboratory evaluation since they produce SCC failures similar in
nature to field failures resulting from ethanol SCC and more reliably initiate SCC than method
involving statically loaded specimens. A summary of the additional considerations for cyclic
testing (including cycling rates and post-yield testing) and simulation of field ethanol SCC
failures in pipeline segments are given in Appendix E.
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5.3 Task Description

A total of eight pipeline steels were obtained from mill production that utilized varying pipe-
making processes. Baseline mechanical properties and microstructures were documented (See
Appendices C and D) and residual stresses were determined. Following these baseline
determinations for each material condition and consideration of issues of cyclic testing and
simulation of service ethanol SCC failure reviewed in Task 1.2, the following modified testing
approach was utilized that was also similar to the test regime used in Task 1.2:

e Two tensile tests were performed in air; one to confirm the baseline properties as
described in the mill certs and one using the SSR specimen being used for ethanol SCC
testing to define the stress-strain characteristics with certainty for subsequent loading of
SSR specimens.

e One SSR test was performed following plastic deformation to 60% of displacement to
UTS and cyclic loading in SFGE.

e One SSR test was performed in air after plastic deformation to 60% of displacement to
UTS and cyclic loading in air; this served as a baseline for comparison of the previously
mentioned SFGE test.

e Any materials that did not exhibit ethanol SCC in this evaluation were subject to a
conventional N-SSR test in SFGE for determination of ethanol SCC susceptibility.

e Slow-strain rate data and/or pull-to-failure data were analyzed, and specimens were
documented photographically and by selective use of SEM, where needed, to characterize
the features of fracture.

5.4 Methods & Procedures

5.4.1 Residual Stress Measurements

Residual stresses were measured by the blind-hole-drilling technique as described previously
herein (See Task 1.2). This method included an array of hole-drilling measurements around
strain gages on the internal surface of the pipe. These measurements were made and documented
versus their proximity to the seam weld or position around the pipe.

5.4.2 Ethanol SCC Testing

The SSR test specimens were machined from the region in the base metal adjacent to the
longitudinal or helical welds in the eight B series pipes. From cases of ethanol SCC in service,
the region in the base metal adjacent to welds has been a preferential location for cracking,
apparently from tensile residual stress or concentration of strain in this near-weld region.

The Task 1.4 test methodology included cyclic loading of SCC specimens exposed to a synthetic
field grade ethanol (SFGE). The specimens were loaded to a stress level corresponding to the
peak stress followed by slow cyclic straining between predetermined stress points. Originally,
the upper and lower stress points were going to be determined by the resultant residual stresses
plus maximum design stresses per ASME code allowable for hazardous liquids pipelines
handling hazardous materials. However, during this program, it was learned that there were two
in-service pipeline ethanol SCC failures/leaks documented in pipeline segments. This
information came from in a survey of ethanol SCC experience conducted by the American
Petroleum Institute. Both of these pipeline failures were associated with field bends. Therefore,
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additional considerations were given to stresses produced by post-yield plastic deformation that
could be a cause for the initiation and propagation of ethanol SCC.

The original test plan also called for a cycling rate based on an extension rate of 4 x10™® inch per
second during loading and a faster unloading rate of 1x10 inch per second. It also intended to
include load cycling between a maximum stress (as determined from the residual stress
measurements) and a lower stress point 20 percent below the peak stress (and R = 0.8). Based on
this approach, the tests were supposed to run for a period of up to 14 days, 100 cycles, or failure
whichever occurred first. The plan was also to compare the results of the C-SSR tests in SFGE to
similar cyclic SSR tests performed in air on the same materials. If no ethanol SCC was observed
in the cyclic SSR evaluation, conventional notched SSR tests were performed per methods given
in ASTM G129 (as cited previously herein — See Task 1.1) in the SFGE solution.

During the course of this program additional information became available from API field
survey studies (citing ethanol SCC failures and leaks in two pipeline segments subjected to field
bending and other research efforts involving attempts to simulate ethanol SCC under laboratory
conditions without using the conventional SSR tests using cyclic testing). A summary of the
additional considerations for cyclic testing (including cycling rates and post-yield testing),
repassivation of test specimens in ethanolic solutions and application of plastic pre-strain to
cyclic SSR test specimens are given in Appendix E.

As a result of the aforementioned considerations, the test methodology was changed to include
the following procedures:

e (Calculations were made that combined residual stresses with allowable operational
stresses per applicable API and ASME codes. These values were tabulated; however,
they were not used as a basis for loading the C-SSR specimens as originally planned.

e Determination of the post yield stress-strain behavior of the test specimen through testing
of SSR and conventional tensile specimens in air.

e Simulation of field bending by tensile elongation of the SSR specimens to 60% of the
displacement to the material UTS.

e Cycling of SSR specimens in air and in SFGE between an upper stress point
corresponding to the stress at 60% of the strain at UTS and a lower stress point of 50% of
the upper stress (R =0.5).

e Use of a cyclic loading rate based on an extension rate of 4 x10 inch per second during
both loading and unloading to allow more time for repassivation during the unloading
cycle of the test. This extended stress range and slower extension rate resulted in
approximately 64 cycles being attained during the duration of the cyclic SSR tests.

Additionally, at the completion of load cycling of specimens in air and SFGE, the specimens of
any non-failed specimens were examined visually for cracking at up to 20X then pulled-to-
failure in air and the results from the specimens exposed to SFGE were compared to the results
from corresponding specimens cycled in air. This comparison included both the examination of
the post-test stress-displacement curves for both air and SFGE conditions, and calculation of
SSR ratios based on UTS and plastic elongation. The specimens were also examined for
evidence for ethanol SCC on the fracture surfaces or secondary cracking on the gage section of
the specimens using SEM.
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Any of the B series steels that did not show evidence of ethanol SCC resulting from the cyclic
loading of the SSR specimens using the aforementioned procedures were tested for ethanol SCC
using notched SSR (N-SSR) specimens and analyzed with SSR ratios and a fracture mechanics
methodology developed by Honeywell (as described in Task 1.1 herein).

5.5 Results

5.5.1 Residual Stress Measurements

EWI received the pipe section designated B1 through B8. As mentioned in Task 1.1, these pipes
were fully characterized and described in Appendix C and D. A summary is provided below in
Table 16 that also provided indication of the pipe manufacturing method and if the use of cold
expansion was involved.

Table 16. Summary of pipes utilized for Task 1.4

Pipe HON# Welding/Rolling Process
Designation /
Grade
BI1 (X-65/70) 11799 DSAW — (Cold Expanded)
B2 (X-60) 12073 DSAW (Cold Expanded)
B3 (X-70) 12079 Spiral DSAW (Expanded)
B4 (X-70) 11803 Electric Resistance Welded (ERW)
B5 (X-70) 12044 DSAW — (Non- Expanded)
B6 (X-70) 11802 DSAW (Non Expanded)
B7 (X-70) 11801 Spiral DSAW (Non- Expanded)
B8 (X-80) 12324 Electric Resistance Welded (ERW — Non Expanded)

EWI cut 15-in. long sections from each of these pipes and delivered those rings to Honeywell for
machining of SSR specimens. EWI also cut 30-in. long rings, one from each pipe, for residual
stress measurement. One of these rings is shown in Figure 24, on a stand, where the residual
stress measurements will be made. The ring length allowed the free end to be more than seven
times the square root of the radius times the square root of the thickness, approximating a pipe
without end effects, even though such short pieces would not generally be allowed for pipeline
construction.
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Figure 24. Stand fo Residual Stress Measurement

EWI used patterns for residual stress measurement on the pipes consistent with straight DSAW
long seams, spiral DSAW seams, and the ERW pipe.

The researchers at EWI made the residual stress measurements by the blind hole-drilling
technique under ASTM E837. The hole was drilled to 0.08-in. diameter and approximately 0.08-
in. deep at the center of a strain gage rosette of 0.202-in. diameter and type FRS-2-11. Strains
measured in the three-gage rosette were interpreted as the effects of the stress relief from
removal of the hole material. A slot machined in the pipe was used to facilitate measurement of
the residual stresses on the internal surface of the pipe is show in Figure 25. Additional details of
the residual stress determination process and resolving them using Von Mises effective stress
calculations are available in Task 1.2.
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Error! Reference source not found. shows a summary of the results of all residual stress
measurements. The peak tensile stresses for the B Series pipes ranged from 3.3 to 50 ksi varying
in direction from hoop to axial. Three of the non-expanded pipe products BS, B6 and B8 had
generally the highest tensile residual stresses ranging from 37.3 to 50 ksi. Only one cold
expanded pipe (B3 — 41.4 ksi) had a tensile residual stress in this same range. All other pipes had
tensile residual stresses in the range of 3.3 to 27 psi with most being in the range 16.6 to 27 ksi.

Error! Reference source not found. shows the peak Von Mises effective residual stresses for
the eight different B series pipes. These were generally grouped in a smaller range than the peak
residual tensile stresses. The Von Mises effective residual stresses ranged from 20.3 to 59.7 ksi
again with the non-expanded B6 and B8 having the highest stress levels. The other B pipes
ranged in tensile stress value from 20.3 to 36.0 ksi.

When the residual stress was incorporated with allowable design stresses for hazardous liquids
pipelines (as discussed in Task 1.2), the total Von Mises effective stresses were all in the range
of the material yield strengths or beyond. The total stresses calculated ranged from 70.7 to 98.9
ksi on the internal surface of the pipe.
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Table 17. Results of Task 1.4 Residual Stress Measurement and Von Mises Stress in B Series Pipes

Pipe Information

Results of Residual Stress Analysis

Welding/ Maximum Max.
Designation, Manufacturer / Heat HON ID Rollin Yield Microstructure Residual Orientation Effective Total Stress*
Grade and Size No. No. 8 Strength Results Tensile Von Mises
Process
Stress Stress
Durabond . .
B1 (X-65/70) Ferritic/pearlitic . .
36” OD x 0.375” 803A64680 DSAW (Cold 78.0 ksi microstructure. 16.6 ksi Hoop 203 ksi 70.7 ksi
11799 Expanded)
Wall
B2 (X-60) Berg Europipe . Ferritic/pearlitic . . . .
36” OD x 0 464” 6468045 12073 DSAW (Cold 68.0 ksi microstructure. 18.5 ksi Axial 21.5 ksi 71.9 ksi
Expanded)
wall
B3 (X-70) . .
42 0D x 0.541” Welspun Spiral DSAW (Cold 79.4 ksi Acicular ferritic 41.1 ksi Axial 36.0 ksi 80.3 ksi
B2002984 12079 microstructure
Wall Expanded)
B4 (X-70) US Steel Electric Resistance Quenched and
12-3/4” OD x T64682 11803 Welded 72.5 ksi tempered martensite 3.3 ksi Hoop 24.5 ksi 72.8 ksi
3757 Wall (Non-Expanded) (possibly bainitic)
B5 (X-70) . iy
- " Durabond DSAW (Non- . Acicular ferritic . . . .
36 0\251500 AOESI38 12044 Expanded) 84.0 ksi microstructure 37.3 ksi Axial 33.5 ksi 83.9 ksi
B6 (X-70) . o .
36” OD x 375" Berg Europipe 11802 DSAW (Non 73.8 ki Ferritic/pearlitic 48 8 ksi Axial 59.7 ksi 84 3ksi
Wall W5I1595 Expanded) microstructure.
B7 (X-70) .
36" OD x .464” IPSCO 1181 | Spiral DSAW (Non- | 57 4 Martensite/bainitic. 27.0 ksi Axial 31.7 ksi 78.9 ksi
Wall 461883 Expanded)
Tenaris Electric Resistance
B8 (X-80) 12324 Welded 98.9 Ferrite and carbides 50 ksi Hoop 48.8 ksi 98.9 ksi
420978U
(Non-Expanded)
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The data in Table 18 show the total effective stresses (per Von Mises analysis) on the ID surface
of the B series pipes when combining the peak residual tensile stress and allowable operating
stresses were all on the order of the SMYS and AYS values for the pipe material. This analysis
suggested that varying pipe grade manufacturing process (including situations both with and
without cold expansion) did not did not make a substantial difference in the net stress
environment once the pipe is placed under operation. In most cases they were in excess of the
SMYS of the pipe material up to a high of about 120% SMYS for Pipes B2, B5, B6 and B8. This
resulted in total effective stress values around 100% of AYS values for the steels used in this
program. Only Pipe B1 had lower effective stress values that were around 90% AYS (101%
SMYS). This analysis of the combined residual and operating stresses indicated that varying pipe
manufacturing processes was not a likely viable path to reducing stress and potentially mitigating
ethanol SCC.

It should be realized that the peak residual stresses measured by the hole-drilling/strain gauge
techniques employed in this study were of limited depth and confined to surface regions on the
pipe. As surface stresses, the peak tensile residual stress is not expected to reflect the magnitude
of the allowable net section stresses in the pipe while in service as defined by applicable codes
for hazardous liquids pipelines.

Table 18. Peak Tensile Stress and Von Mises (VM) Stress in B Series Pipes

Peak Tensile Stress Peak VM Stress Total Eff. Stress

(ksi) %SMYS | Direction (ksi) | %SMYS (ksi) %SMYS/
%AYS

Pipe B1 16.6 23.7 Hoop 20.3 29.0 70.7 101/90.6
Pipe B2 18.5 30.8 Axial 21.5 35.8 71.9 120/106
Pipe B3 41.1 58.7 Axial 36.0 51.4 80.3 115/101
Pipe B4 33 4.7 Hoop 24.5 35.0 72.8 104/100
Pipe BS 373 53.2 Axial 335 47.6 83.9 120/100
Pipe B6 48.8 69.7 Axial 59.7 85.3 84.3 120/114
Pipe B7 27.0 38.6 Axial 31.7 45.3 78.9 113/102
Pipe B8 50.0 62.5 Hoop 48.8 61.0 98.9 123/100

5.5.2 Ethanol SCC Testing

5.5.2.1 Cyclic SSR Testing

As discussed in the SSR procedure description previously herein, the initial testing for ethanol
SCC was per a cyclic SSR regime that included plastic deformation in the form of a tensile pre-
strain to 60% of the displacement to UTS followed by 14 days of load cycling between the peak
load (at the post yield pre-strain point) to 50% of this stress value resulting in an R ratio of 0.5.
This resulted in approximately 64 load cycles during the test period. Both air and SFGE
environment tests were performed.

The results of the cyclic SSR test indicated that none of the specimens machined from the pipe
base metal adjacent to seam welds in the eight B Series pipes (described in Table 16 through
Table 18) and tested in SFGE exhibited failure by ethanol SCC during the test period. All were
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intact after testing with no surface cracks observed by light-optical microscopy at up to 20X.
These results were similar to the findings from Task 1.2 for the six welded pipe samples. As a
result, for comparative purposes, both the SSR tensile specimens from cyclic testing in SFGE
and in air were pulled-to-failure in air to determine if incipient cracks were present in the gage
section of the SSR specimens.

All of the SSR specimens previously cycled in air failed in a ductile manner. The fracture mode
consisted of ductile, cup-cone failures with micro-void coalescence on the fracture surface. Some
evidence of ductile tearing and shear were also observed. No major differences in the
characteristics were observed on the fractures of any of the specimens cycled in air (for all B
Series steels) and pulled-to-failure in air. Figure 26 shows representative low and high
magnification SEM fracture photographs exhibited by air cycled SSR specimen and
subsequently pulled-to-failure in air.

o N T

30X 500 um

Figure 26. Fracture of SSR specimen pre-strained, cycled in air and pulled-to-failure in air
from Pipe B1 (HON# 11799) showing ductile fracture mode.

It was originally expected that the SSR specimens that were pre-strained to 60% of the strain to
UTS and cycled in SFGE would show some signs of ethanol SCC by complete failure while in
test or incipient cracks later when pulled-to-failure in air as was done with the air cycled SSR
specimens. However, no evidence of ethanol SCC or incipient cracks was observed in any of the
base metal, pre-strained SSR specimens (a) cycled in SFGE or (b) cycled in SFGE and
subsequently pulled-to-failure in air. All of these SFGE-tested specimens showed a fracture
mode consistent with ductile, cup-cone failures with micro-void coalescence on the fracture
surface similar to corresponding SSR specimens pre-strained, cycled and pulled-to-failure in air.

Figure 27 shows representative low and high magnification SEM fracture photographs exhibited
by SSR specimen pre-strained and cycled in SFGE and subsequently pulled-to-failure in air.
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—

15.0kV 30X 500 um 15, X
Figure 27. Fracture of SSR specimen pre-strained, cycled in SFGE and pulled-to-failure in
air from A3-Weld #1 (HON# 12168) showing ductile fracture mode.

100 um

A summary of the cyclic SSR test results for UTS and plastic elongation from Task 1.4 are
presented in Table 19. This table shows the following information:

Material/specimen designations

Test environments (air or SFGE)

UTS and plastic elongation values

Ratios of UTS and plastic elongation from the final pull-to-failure in air comparing the
data from SSR specimens cycled in SFGE to the corresponding air data.

Table 19. C-SSR ratios of UTS and plastic elongation for Task 1.4

Pipe Test Plastic Ratios (Env. Test/Air Test)
Designation Condition UTS Elongation [in]
G%ad o [Ksi] g UTS | Plastic Elongation
-
B1 (X-65/70) = 207 0.149 1.02 0.89
SFGE 92.8 0.132
v
B2 (X-60) = 9.9 0.137 1.14 0.78
SFGE 91.0 0.107
Air 94.5 0.141
B3 (X-70 0.99 0.99
(X-70) SFGE 93.8 0.139
Air 84.1 0.164
B4 (X-70 1.08 0.88
(X-70) SFGE 91.2 0.145
Air 90.0 0.157
B5 (X-70 1.07 0.96
(X-70) SFGE 96.5 0.151
=
B6 (X-70) - 772 0.098 1.06 1.28
SFGE | 103.1 0.125
=
B7 (X-70) - %9.6 0.166 1.08 0.75
SFGE | 1074 0.125
Air 119.4 0.124
B8 (X-80 0.93 0.71
(X-80) SFGE | 111.0 0.088
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As shown in Table 19, UTS ratios fell generally around 1.0 nearly indicating unchanged UTS
values for SFGE tests verses the air tests. These results indicated that the cyclic exposure to
SFGE did not reduce the load carrying capacity of the steels from the air values. The differences
and positive deviation (in one case) in the UTS after cycling in SFGE and pulling to failure in air
versus those cycled and pulled in air (value 1.0), is considered scatter. This scatter is likely the
result from variation in steel properties at near base metal locations along the weld.

More interesting was the drop in plastic elongation observed for most of the B Series steels
cycled in SFGE and later pulled-to-failure in air as shown in Table 19. In five cases, the PE
ratios for the specimens cycled in SFGE were in the range 0.71 and 0.88 thus indicating a
significant drop in plastic elongation. In two cases, the PE ratio was close to 1.0 indicating no
change versus air cycled specimens (Steels B3 and BS5). In one case, the PE ratio was much
higher than 1.0 yielding a value of 1.28 (Steel B6). The reason for the extremely high value of
PE ratio was not known at the time of this report. The possibility of a mix-up in the specimens
from the cyclic tests conducted in SFGE and air was examined, but this did not appear to be the
case. Another possible situation is the origin of the specimen relative to the seam weld which
might have caused a variance in the mechanical properties not resulting from the SFGE
exposure.

With the exception of the B6 (ratio of 1.28) and Steels B3 and B5 (PE ratio approx. 1.0), the
other materials had lower PE ratios following cycling in SFGE. As with the welded materials of
Task 1.2, no physical display of brittle cracking was observed for any of the B materials.
Therefore, it is suggested that the reduction in plastic elongation shown by some steels was due
to the cycling in SFGE suggests an was a form of pre-SCC damage. If left to accumulate over
more cycles in SFGE or if a change in loading conditions resulted in an increase in SCC severity,
this damage may have resulted in ethanol SCC being observed. These results are consistent with
those in Task 1.2 (for five of the six welded conditions of A3 steel) that showed a similar
decrease in PE ratio in specimens pulled-to-failure following cycling in SFGE, but where no
evidence of ethanol SCC was observed on the fracture surface or in the gauge section of the test
specimen.

5.5.2.2 Notched SSR Testing

The results of the N-SSR tests for the eight B1-8 pipe steels are shown in Table 20.
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Table 20. Results of N-SSR Tests for Eight Pipe Steels (B1-8)

SSR Parameters (Env

Crack
Pipe Test/Air Test) Fracture
Hon # | Designation | Env. H{T? ;l;fF] PE | RA llilst\?lc 1 [IE'S.S/(.:HZ] I%zctp ! l%‘jﬁ? 2 Area Ratio G;‘;‘;Vth
Grade S1 S UTS |TTF| PE | RA Com.p. [ksiin] s fo 101 (%Ductile) N
Ratio [mm/s]
Air | 112.2]50.5| 5.6 | 56.7 73.4 115.6 100.0 -
11799 |B1 (X-65/70) 0.91 0.85(0.81]0.84 | 0.86 1.14 | 0.90
SFGE|102.6 | 42.8 | 4.6 [47.9 83.4 103.5 65.0 3.03E-06
Air | 93.3 | 86.5|11.1 683 118.3 155.4 100.0 -
12073 | B2 (X-60) 0.95(0.55(0.50]0.76 | 0.68 0.65 0.65
SFGE| 88.3 | 48.0 | 5.5 |52.1 773 101.2 64.0 2.79E-06
Air | 117.667.5| 7.9 | 684 92.6 139.1 100.0 -
12079 | B3 (X-70) 0.890.59 (0.61]0.79 | 0.71 0.71 0.65
SFGE|104.6 | 39.6 | 4.8 |54.4 65.4 91.1 61.3 4.63E-06
Air | 108.0|66.5| 9.6 |61.9 102.3 137.0 100.0 -
11803 | B4 (X-70) 0.90{0.57 037092 | 0.68 0.61 0.64
SFGE| 97.2 | 37.7 | 3.5 | 56.9 62.0 87.8 64.6 4.15E-06
Air | 111.8|78.1] 9.2 |60.8 130.1 152.7 100.0 -
12044 | BS5 (X-70) 0.86 {0.59(0.47|0.80 | 0.67 0.60 | 0.64
SFGE| 96.2 | 464 | 4.4 |48.8 77.8 97.4 62.5 3.56E-06
Air | 116.5]57.1| 6.7 | 65.8 110.4 125.2 100.0 -
11802 | B6 (X-70) 0.91(0.64 (0.60|0.72 | 0.70 0.56 | 0.64
SFGE| 106.6 | 36.4 | 4.1 |47.2 61.6 79.9 75.6 3.71E-06
Air | 125.5]73.1] 9.0 | 65.1 127.4 155.7 100.0 -
11801 | B7(X-70) 0.93 10.69 [0.58]0.78 | 0.74 0.76 | 0.75
SFGE|116.9| 50.1 | 5.2 |50.5 97.4 116.3 72.9 2.08E-06
Air | 1439|574 6.1 |59.1 102.6 137.7 100.0 -
12324 | B8 (X-80) 0.930.68 (0.53|091| 0.74 0.61 0.66
SFGE| 134.5|39.1 | 3.2 |53.5 62.9 91.4 67.0 4.70E-06
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As shown in this table, all of the pipe steels evaluated in this task (described in details in
Appendix C and Appendix D) exhibited high UTS ratios were tightly grouped in the range from
0.86 to 0.95. Consistent with the results of Task 1.2 for the six A3 weldments, ethanol SCC did
not occur in the N-SSR tests until very high stresses were attained in the N-SSR tests, which
approached the UTS in air. The major impact of ethanol SCC was observed in the post-UTS
region of the stress/strain curve with concomitant reductions in the time-to-failure (TTF), plastic
elongation (PE), reduction in area (RA).

As in Task 1.2, two values of Kjscc were used to aid in the analysis of the fracture analysis as
discussed in Task 1.2 (Kjscci — involving the area under the stress/displacement curve between
YS and UTS; Kjscez — involving the area under the stress/displacement curve between YS and
failure).

For materials B2 through B8, the SSR ratios for TTF, EP, RA and Kjscc were generally in the
mid-range (0.47 to 0.72) with occasional values in excess of 0.80. In many regards, the data
show similar findings as observed in Task 1.2 for the A3 weldments that also showed moderate
to significant susceptibility to ethanol SCC in the N-SSR test. Recall, lower values of SSR ratio
indicate higher susceptibility to cracking in this test. Using the composite ratio (average of UTS,
TTF, PE, RA and Kjscc(r) rations for each material), these ratio values were in the region of
moderate SCC susceptibility for all materials and in the range 0.67 to 0.86 which was similar to
the range 0.69 to 0.80 for the six A3 weldments in Task 1.2.

The only material showing somewhat different behavior was steel B (HON# 11799) that
showed consistently higher SSR ratios in the range 0.81 to 0.91 (not including Kjscc(1y that was
in excess of 1.0). This range of SSR ratios is considered to represent borderline ethanol SCC
susceptibility and milder condition that represented as moderate susceptibility with SSR ratios in
the 0.50 to 0.80 range.

As evidenced in Appendix D, the microstructure of the B1 steel was fine grained ferrite/pearlite
with a mixture of small and medium-sized ferritic grains (indicating possibly controlled-rolled
TMCP steel) and banding (elongation) of the pearlite visible (See Figure 28). This microstructure
while fine grained, in itself, is unremarkable, typical of many conventional pipeline steels with a
ferritic/pearlitic microstructure. Other steels selected for evaluation in Task 1.5 had lower levels
of gross carbide phase (pearlite) rather having predominately ferritic and bainitic
microstructures. There were also materials that included ferritic/pearlitic microstructures (See
Appendix D) that did not exhibit the same levels of resistance to ethanol SCC as the B1 steel.

This result indicate that microstructure in itself (particularly those involving predominately
ferritic and bainitic as suspected at the start of this program) may not be an effective approach
for reducing ethanol SCC susceptibility. Rather, these results suggest that certain steels may have
greater (or lesser) ethanol SCC resistance than others, but the reasons may involve other factors
(or a combination of factors) resulting in variations in susceptibility to ethanol SCC. However,
presently the data presented herein based on commercially produced steel pipe products did not
identified any particular properties that could be related to ethanol SCC resistance; thus,
indicating that the differences between B1 and other B-series steels may, in fact, be
happenstance. These results corroborate the results found in API survey work that found ethanol
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SCC occurring in many grades and conditions of commercial stress with no apparent relationship
to grade or condition of the material. Further work is needed to assess the issue of metallurgical
processing and microstructure on a more controlled basis.

Figure 28. B1 (X-65/70) 36” OD x 0.375” (HON# 11799)

The values of SSR fracture ratio (% ductile) and ethanol SCC crack growth rate (CGR) also
showed similar SCC behavior for the six weldments and did not reflect the SSR ratios. The
fracture area (in terms of percent ductile fracture on the primary fracture surface) ranged from 61
to 76%; thus, indicating some variability but still in the range of moderate SCC susceptibility.
Furthermore, steel B1 which showed the greatest resistance to ethanol SCC based on the SSR
ratios, did not show the highest ductile area as might be expected. Additionally, the CGR values
for B-series steels were in the range 2 to 4.7 x 10°® mm/sec, which is common for ethanol SCC in
this and other studies, but lower than the CGR values determined for the A3 steel weldments
which varied in the range 5 to 6 x 10 mm/sec.

The fracture features for all B-series steel in this task included an outer ring of mostly brittle,
transgranular cleavage produced by ethanol SCC with some secondary cracking (similar to the
results of Task 1.2 for the A3 weldments). The ethanol SCC region initiated at the bottom of the
notch and propagated into the specimen until reaching a critical size where the specimen could
no longer sustain the load on the specimen. At this point, the central ductile region was produced
resulting during the final fracture event. By comparison, the N-SSR specimens tested in air were
observed to have only ductile fracture features as would be expected for tests not involving
conditions for SCC.

The fracture features for the B1 steel in the N-SSR tests (as discussed above) are shown in
Figure 29 These features were not significantly difference than observed in the other B-series
steels with lower SSR ratio values (See Figure 30 for the steel B6 that had lower SSR ratios than
steel B1).
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Figure 30. Fracture surface of N-SSR specien fro

The N-SSR data from Task 1.4 suggest that there was some variability in ethanol SCC resistance
of the eight steels procured for this task (steels B1-8). While steel B1 had higher SSR ratios
indicating borderline susceptibility to ethanol SCC, the fracture features and CRG were similar
to those found for other steels in this task. Therefore, it should be considered that the results of
this task indicate some differences in susceptibility may occur among pipeline steels made with
different manufacturing methods and microstructure. However, there was no systematic variation
in resistance to ethanol SCC evidence related to these factors found in this study.

5.6 Key Findings

Based on the results of Task 1.4 presented herein, the following findings were noted:

1.

2.

All of the eight pipeline steels (B1 through BS8) exhibited high levels of peak residual
tensile stress.

The peak residual tensile stresses were in the range 3.3 to 50.0 ksi and the peak Von
Mises stresses for these materials were between 20.3 to 59.7 ksi.

When the peak Von Mises residual stress was combined with the maximum allowable
operating stresses for hazardous liquids pipelines, all eight pipe materials exhibited an

effective surface stress on the ID of the pipes in the range of or exceeded the SMYS and
AYS.
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10.

11.

12.

Mitigation of ethanol SCC through management of peak residual tensile stresses in
operating pipelines through selection of pipe processing does not appear to be a viable
approach based on the data provided herein.

Ethanol SCC was not observed in any specimens machined from the base metal adjacent
to the welds in the six welded pipes when exposed to SFGE in cyclic SSR tests involving
pre-strain to 60% of the displacement to UTS and cycling from that stress to 50% of that
stress (R ratio = 0.5).

The post-test pull-to-failure in air of the non-failed cyclic SSR tests performed in air and
in SFGE on the base metal adjacent to the eight Task 1.4 pipe materials all exhibited
ductile failure with no evidence of incipient ethanol SCC. However, some of the C-SSR
specimens cycled in SFGE showed loss of ductility versus the baseline air tests with PE
ratios in the range 0.67 to 0.89.

The mechanism of the ductility loss and its impact on potential susceptibility to ethanol
SCC is not known at this time and may require further investigation. This effect may
indicate a pre-initiation SCC phenomenon that, if left to a greater number of cycles or
performed under critical set of conditions, may have resulted in ethanol SCC.

There was some variation in ethanol SCC susceptibility observed in the B-series steels
evaluated in this task using N-SSR tests. All but one of the steels showed moderate SCC
susceptibility with SSR ratios in the 0.60 to 0.80. The exception was B1 - HON# 11799
that exhibited higher SSR ratios in the range 0.81 to 0.91. This range of SSR ratios is
considered to represent borderline ethanol SCC susceptibility.

B1 was a fine grained ferritic/pearlitic steel with a banded structure, but did not appear to
have any characteristics thought to justify its higher ethanol SCC resistance versus the
other B-series steels.

Steels with primarily ferritic or bainitic microstructures were not found to have superior
resistance to ethanol SCC over pipeline steels with other microstructures.

No factors, such as microstructure, mechanical properties, CE or PCM values (as
documented in Appendix C and Appendix D) were found to correlate with ethanol SCC
susceptibility.

The results of this study, was in agreement with API field survey results on ethanol SCC
that indicated no relationship between steel grade with susceptibility to SCC.

Page 78



Final Report DTPH56-09-T-000003

6 Task 1.5: Specification of Polymeric Materials for New
Construction

6.1 Objective

This task involved a review of the technical and commercial literature for polymeric materials
(elastomers and engineering plastics) that have high resistance to FGE, transmixtures with
gasoline and jet fuel, and service conditions that include regular/periodic service exposures as
result from batch shipping of FGE. It was also aimed to identify publically available data and
technical information for commercially available materials not currently in use for pipeline
systems and methods best suited for evaluation of ethanol compatibility.

6.2 Approach

Compatibility of existing materials with FGE was included in the topics for additional PHMSA-
funded research. PRCI has conducted research in a previous program on existing polymeric
sealing materials for use in pipeline systems. This work has identified several materials for
evaluation (including PTFE, Buna-N, Low-Swell Buna-N, Viton, Viton GF, and Viton GFLT).

This study reviewed readily available literature (with emphasis on new materials not in current
use, if any), identified supporting data, and also defined test methods and recommended
protocols for evaluation of these new materials for long-term pipeline service for anticipated
batch deliveries of FGE if different from those in current use. It also defined the recommended
scope of a test program to evaluate these new materials (and some existing materials) based on
cumulative, periodic FGE exposures typical of batch shipment via pipeline.

The test protocols under consideration were those that include consideration of life (cumulative
damage) assessment methodologies, accelerated testing, and functional testing as used in the oil
and gas industry for surface and downhole seals, and in the chemical industry for process
equipment.

6.3 Task Description

This task sought to identify new candidate elastomeric and plastic materials that can be
employed for FGE and various transmix components (e.g. gasoline and jet fuel) as well as
provide benefit and increased chemical resistance to FGE. The work involved a review of the
technical and commercial literature for additional elastomeric formulations that have high
resistance to FGE, transmixtures with gasoline and jet fuel, and service conditions that include
regular/periodic service exposures resulting from batch shipping of FGE. It identified publically
available data and technical information for commercially available materials not currently in use
for pipeline systems.

6.4 Methods and Procedures

No experimental investigations were performed in Task 1.5. The focus of this task was to review
and identify published literature as available through technical publications, standards and
committee reports from various organizations including: NACE International, Materials
Technology Institute, American Petroleum Institute and others.
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A number of open-source publications were reviewed and augmented by interviews of the
elastomer manufacturers. Particular distinction was made of static vs. dynamic service
suitability.

6.5 Results

6.5.1 Identified Available Materials for FGE Service

The following materials were identified as potentially promising for the use in FGE service:
Nitrile Rubber (NBR or Buna-N)

Teflon PTFE

FKM

FPM (Viton). Grades A, B, GF, GFLT

Neoprene

FFKM (Kalrez)

These materials will be discussed in the following sections.

6.5.2 Nitrile Rubber (NBR or Buna-N)

Generally, nitrile rubber compounds have been found to be unacceptable when exposed to FGE
and blends with gasoline. Typical applications are as seals in submersible fuel pumps, which
have been observed to fail in service. The older versions of the elastomer, especially prior to
1975, were not resistant.'!

However, with the development of gasohol in the 1990’s and the industry need to develop more
resistant materials, the more recent grades of nitrile have been improved.'

The resistance of NBR elastomers to swelling in gasoline and FGE blends depends primarily
upon the acrylonitrile level of the basic rubber. Specially formulated high nitrile compounds
(where equilibrium volume swell is less than 30%) appear to be best suited for static
applications: gaskets, O-rings, etc.

There are apparently newer alternative fuel grade nitrile compounds being developed by some
gasket manufacturers.”” These compounds have been developed for E85 blends and are available
at this time. Gaskets with a hardness of 60 — 70 Durometer are typically selected. However, no
test data was found for their performance in E10 blends or cyclic FGE and gasoline service.

Elastomers for use in ethanol pipeline equipment would most likely be subjected to alternative
uses between neat gasoline and FGE. In 2009, DNV conducted test work to model this type of

" Impact of Gasoline Blended with Ethanol on the Long-Term Structural Integrity of Liquid Petroleum Storage
Systems and Componentsl. Simpson Gumpertz & Heger, Inc., June 2002.

"> Rubber As An Engineering Material: Guideline for Usersl, Khairi Nagdi, Hanser Gardner Publications, 1993.
" Personal conversation with Atlantic Gasket Co. Supplier of fuel-grade nitrile gaskets as reported on their site.
Website: www.atlanticgasket.com.
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pipeline scenario.'* The particular environment tested was switching between E95 (composition
typical of FGE) and neat gasoline. It was found that low swell Buna-N materials (copolymer of
36% acrylonitrile & butadiene) were not resistant to this cyclic exposure environment. The cyclic
exposure from gasoline to FGE had a detrimental effect on the elastomer’s volume swell,
adversely affected the hardness retention, and caused leaching and discoloration of the
immersion fluids.

On the other hand, another grade of Buna-N (copolymer of 22% acrylonitrile & butadiene)
exhibited less than 30% volume swell when switching between FGE and neat gasoline.

API 1132" includes a survey of several pipeline / terminal facilities to determine the suitability
of elastomers in oxygenated fuel blends. When switching from neat gasoline to FGE blends, it
was found that nitrile rubber swelled. However, the swelling observed was not necessarily
detrimental and did not appear to be an immediate concern manifesting in failures. Thus, existing
elastomers were replaced only when necessary due to leaks. In many cases, the replacement
materials for nitrile rubber were PTFE Teflon or FKM (Viton).

Prior experience in the chemical process industry indicates the trend to upgrade to more resistant
elastomers for gaskets and O-rings has been normal practice. In aggressive chlorinated solvents,
acids, and oxidizing agents, traditional EPDM, chloroprene (Neoprene), and Nitriles would not
typically be selected. These chemical exposures are typically very aggressive. In the case of
aromatic and / or chlorinated solvents, dissolving of the rubber compound, excessive volume
swell, and permeation of process fluids have resulted in flange leaks noted in a just a few days or
weeks.

During routine maintenance or new construction in a chemical plant, the tendency now is to use
fluorocarbon or fluoroelastomer materials such as PTFE Teflon or FKM (Viton).

6.5.3 Teflon (PTFE)

The fluorocarbon family of materials has been reported to be compatible with low and high
concentrations of ethanol fuels.'® The specific fuels mentioned were blends of FGE and gasoline
E10 (10 percent FGE balance gasoline) and E85 (85 percent FGE balance gasoline).

The API Publication 1132 (cited above) included a compilation of a survey including 44
petroleum and other companies involved in terminal storage or transport of FGE, blends, and
neat gasoline. Results indicated that most companies increased their usage of PTFE Teflon for
gasketing. When faced with the issue of selecting new components for FGE blends, PTFE Teflon
was a typical choice.

14 performance of Non-Metallic Materials in Ethanol-Gasoline Blendsl, Ayca Ertekin and Narasi Sridhar, Materials
of the 14th October 2009 Ethanol Transportation Road mapping meeting, DNV, Columbus, OH.

¥ Effects of Oxygenated Fuels and Reformulated Fuels on Elastomers and Polymers in Pipeline / Terminal
Componentsl, API Publication 1132, 1994.

16 Renewable Fuel Association Publication #96051, Fuel Ethanol, Industry Guideline, Specification, and Procedure,
December 2003.
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Data in the literature showed that PTFE Teflon had near 0% volume swell when exposed to
alternating conditions of E95 — neat gasoline — E95, and in testing with E20 — neat gasoline —
E20. This immersion testing was performed under static conditions. Teflon also experienced
little hardness loss when exposed to the same test program.

As the literature was reviewed during this study, Teflon PTFE kept appearing as a candidate for
test. The reason is because of its popular use in many fuel systems and its inertness to a wide
range of fluids and solvents. Teflon exposures to E10, E85, and E95, biodiesel blends have been
studied as well.'” Similar to the findings in FGE blends with gasoline, there was little or no
reported volume swell of this material with biodiesel fuels blended with low sulfur diesels.

The swelling effect of elastomers in jet fuel has been reported to be between that of gasoline and
diesel fuels. Usually, fluorocarbons (Teflon) or fluoroelastomers (FKM, FPM) with good
swelling resistance to gasoline or gasohol would be recommended for exposure to jet fuels. >

This study did not find test available test data from the literature for FGE and jet fuel blends.
However, PTFE Teflon materials would be expected to be good test candidates.

6.5.4 FKM, FPM (Trade Name: Viton)

This class of materials is also referred to as the fluoroelastomers. These compounds are
thermoset elastomers containing fluorine. The fluorine content of this elastomer family gives the
material its stability in aggressive chemical environments and high heat resistance. There are
special formulations that can also give the polymer better low temperature properties and low
volume swell, as well, such as Viton GFLT. The literature reports the material performs well in
gasoline and alcohol blends."®

Viton A is the general purpose Viton formulation and is still the most widely used. Generally
composed of 65% fluorine, Viton A compounds have good resistance to automotive and aviation
fuels, as well as both aliphatic and aromatic hydrocarbon process fluids and chemicals.

There has been test work performed on several Viton materials. For instance, an 84-day
immersion test was conducted to observe the effects of sequential fuel transitions on the swelling
of the material.'"* These test results show that Viton A did significantly swell in the fuel
transition test of E95 — neat gasoline — E95. The range was practically 0% for E95, rising to 80%
for neat gasoline, and then back down to near 0% for exposure to E95. Elastomer volume swells
of 30% or greater are generally considered unacceptable for continuous service, and the situation
in ethanol services if likely to be similar.

Two (2) other Viton materials were immersion-tested in E20 — neat gasoline — E20, and E95 —
E20 — neat gasoline. The Viton GF grade, containing 70% fluorine, was tested. Also tested was
Viton GFLT, a polymer containing 67% fluorine and perfluoroethylvinylmethyl ether to impart

"7 Compatibility of Elastomers and Metals in Biodiesel Fuel Blendsl, SAE Publication No. 971690, Gary B. Bessee
and Joseph P. Fey, Southwest Research Institute, 1997.

'8 Website: www.rlhudson.com. Shaft Seal Design & Materials Guidel, R.L. Hudson & Company. Section on
Fluorocarbon, ASTM D 1418 Designation: FKM.
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low temperature resistance to the material. Results of the test showed that Viton GF and Viton
GFLT offered the best hardness retention and least volume swell.

The Viton B materials were not part of the aforementioned investigation, but are recommended
for consideration. More information can be obtained for this material from the literature."” The
Viton B fluoroelastomer was developed to increase the fluorine content of the material and to
offer better resistance to flex fuels than the Viton A materials. Viton B materials generally have
67% fluorine content and are commonly used in applications where resistance to flex fuels
containing alcohol is required.

The test work in Ref. 14 was published in 2009. An earlier work, published in 1993, explains the
following in regard to their test work:

“The resistance of FPM compounds to swelling in gasoline and gasohol depends primarily upon
their combined fluorine level, which varies between 65 and 70%. The highly fluorinated types
(about 70% fluorine) provide the best resistance to swelling in gasoline and gasohol. In addition,
they have the lowest permeation to automotive fuels. Therefore, they are prime candidates for
elastomeric components in modern fuel systems.”

6.5.5 CR (Trade Name.: Neoprene)

No test data was found for neoprene’s acceptability as a suitable elastomer in FGE and FGE
blends. However, it is mentioned as a weak candidate material, but this should not be considered
comprehensive in regard to its serviceability in all FGE and blend combinations.

The material was included as a candidate for testing because it was reported to be compatible
with E85 fuel ethanol only.*

6.5.6 FFKM (Trade Name: Kalrez)

This is a specialty fluorocarbon-based polymer in the family known in industry as the
perfluoroelastomers. They are mentioned only as a candidate for testing, due to their extensive
use for dynamic service as sealants in the semi-conductor industry. However, these materials are
very expensive and probably not practical for static sealant use. For testing, the other materials
mentioned in this report would be a much more economical choice for static conditions.

For FGE and FGE blends or transmixtures, testing of Kalrez materials would be recommended
due to the limited test candidates found with any successful use in dynamic sealing service.

6.5.7 Static vs. Dynamic Services in FGE and Fuel Blends — need for evaluation

The literature survey found the predominant test work and data published was for static
immersion testing; suitable for use when considering gaskets and O-rings for pipeline flanged
sealing surfaces.

' Darcoid Nor-Cal Seal. Website: www.darcoid.com. Fluorocarbon section.
20 £85 Fuel Ethanol- Industry Guidelines, Specifications, and Proceduresl, Renewable Fuels Association,
Washington, DC. RFA Publication #090301, March 2009.
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The reported dynamic testing in these fluids was very limited in its scope. The API Publication
1132 cited previously indicated the need for more testing for a combination of chemical
resistance with mechanical wear (likely dynamic seal application and/or surface abrasion). Some
of the specific concerns mentioned were:

Check-valve clapper O-ring seals tearing and drying out due to intermittent use.

Viton “A” swells, and PTFE Teflon becomes stiffer.

Swelling & scoring or cutting

Stem seal leaks

There was very little information regarding applications for elastomeric materials in long-term
pipeline service. Further testing is recommended to model the static conditions that may be
encountered. Some of those conditions would be the following in regard to flanged sealing
surfaces:
¢ Pipelines moving product; immersion testing
e Pipelines with variable services; e.g. E10, E85, neat gasoline, or variations of same;
immersion tests and vapor space testing for intermittent services or temporary out-of-
service pipelines
e Pipeline with low spots; model fluid concentrations in dead spaces or pockets- immersion
and vapor; e.g. phase separation of FGE or FGE blends into the water phase which is
irreversible. (In fact, this condition was observed in a field ethanol storage tank
contaminated with rain water and left open to air that was conducive to the growth of a
strain of bacteria called ace‘[obacter).21

The API survey did not encounter descriptions of any test set-ups or models of pipeline service
and transport of FGE and FGE transmixtures. Thus, some recommended methods should include
the following:
e Laboratory-based “flow loop” testing
e Field “flow loop” testing
e Small pilot plant(s) at several terminal facilities, where actual conditions can be tested
and monitored.

More discussion on the subject of elastomer selection and testing follows below.

6.6 Recommended Testing and Evaluation Criteria

6.6.1 Approach to Elastomer Selection

1. When developing a list of seals and gaskets for testing, both the chemical resistance and
mechanical properties of the elastomers rely on the formulation of the specific seal to
obtain the properties necessary for long-term service.

*! Private communication with researchers involved in investigating microbial corrosion in FGE service at Colorado
School of Mines, Golden, CO.
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2. There are literally hundreds of combinations of properties that can be designed into
elastomers when one considers the variable polymer contents in combination with the
additives and processing parameters that make up the finished product.

3. The primary parameters that affect elastomer sealing performance are the chemistry of
the polymer(s) that make up the base compound, the curing agents used, antioxidants or
anti-aging ingredients, flexibilizers, plasticizers, and other fillers such as pigments and
carbon black for permeation resistance and/or added structural integrity.

4. To pare down the myriad choices of elastomers and seals for testing, economics would
appear to weigh heavily in the decision. Currently, this would predominantly rule out any
material much more expensive than the FKM, FPM (Vitons).

5. The gasket manufacturers need to be relied upon heavily to provide specific candidate
specifications / formulations to meet the needs of the end pipeline operators / users.
Although no “new” materials exist at this time, the recommended materials listed in this
report could be used as the basis.

The end user involved in developing basic selection guidelines needs to be aware of the
following information:
e The type and amounts of polymer(s)
e Curing ingredients used
e Filler types- silica, glass beads, graphite fibers, other inorganic fibers. There are many
and vary among manufacturers
e Carbon black loading, pigments, or no pigment loading and their purpose

Unfortunately, many of the other ingredients that go into sealant manufacture may be considered
proprietary and/or specific to that manufacturer. Thus, it is suggested to test several
manufacturers’ products of the same or similar compounds to get as close as possible to an
“apples-to-apples” comparison.

6.6.2 Static Testing

For testing elastomers for eventual use in pipeline equipment, the test criteria and procedures
would typically follow the same ones that are extensively used in the references cited in this
report. Long distance pipelines can be expected to run full, be empty at times, have stagnant
product in low spots, involved in batch operation with different environments, and even water
phase separations as mentioned previously. Thus, testing for liquid immersion, vapor area
exposure, or a combination of both would appear to be essential as relevant to one or more
pipeline operating environments (e.g. FGE, gasoline, jet fuel, etc.).

The following test procedures recommended:
e Permeation Resistance- ASTM E96%
e Chemical Resistance, Volume Swell, Change in Hardness- ASTM D471%
e Loss of Mechanical Properties (Tensile, Elongation, Modulus)- ASTM D412*

> ASTM E96 / E96M - 05 Standard Test Methods for Water Vapor Transmission of Materials.

» ASTM D471-06 Standard Test Method for Rubber Property—Effect of Liquids Loss of Mechanical Properties
(Tensile, Elongation, Modulus).

** ASTM D412-06a Standard Test Methods for Vulcanized Rubber and Thermoplastic Elastomers—Tension.
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e Compression Set- ASTM D395%
e Durometer Hardness- ASTM D2240%
e Creep Relaxation- ASTM F38%

6.6.3 Dynamic Testing

The literature study indicated very little test work being done in the area of dynamic testing of
elastomers for FGE and blends with gasoline.

Yet, for reliable pipeline operation, valve stem seals and bonnets, packing glands, pump seals,
etc. must be properly selected and reliably maintained. Pipeline / terminal owners are performing
visual inspection to see if elastomers are being affected by the new oxygenated gasoline.

The proposed test apparatus to effectively model dynamic conditions would be an actual inline or
flow loop test or a small pilot plant installation in actual service conditions. Valves, pumps, and
other rotating equipment seals could be tested in this manner under specific regimes of operation.

For reliable sealing of elastomeric materials subjected to dynamic conditions, the following
effects are recommended for visual observation:
e Swelling, shrinking or dry-out, checking, cracks, tearing, cutting, and shredding.
e Deformation related to varying the compressive / shear loading™
e Observation of the changes in the seal shape while in motion with the metal mating
surfaces.
e Effects of wear and tear on a metal contacting surface- scoring, rub marks, shredding, etc.

Research performed in this task indicated there is a lack of standardized testing methods for
elastomeric seals in dynamic service conditions. After flow loop or pilot plant exposure (or
similar tests performed under laboratory conditions in simulated service environments), the
existing ASTM test standards are recommended to evaluate for:

e Permeation Resistance- ASTM E96

e Chemical Resistance, Change in Volume & Hardness- ASTM D471

e Hardness Measurement (Durometer)- ASTM D2240

e Tear Resistance- ASTM D624%

Note that ASTM E96, D471 and D2240 have been cited previously herein.
6.7 Key Findings

A review of the technical and commercial literature indicated there were no additional or “new”
elastomeric materials inherently suitable for FGE transmission service beyond the common ones

2 ASTM D395 -03(2008) Standard Test Methods for Rubber Property—Compression Set.

26 ASTM D2240 -05(2010) Standard Test Method for Rubber Property—Durometer Hardness.

27 ASTM F38 -00(2006) Standard Test Methods for Creep Relaxation of a Gasket Material.

% _A Literature Survey on the Selection Criterion and Compatibility of Elastomeric Materials to Ethanol-Gasoline
Blends. PCRI Revised Draft Report - #81173762 & #81173763 / Static and Dynamic Seal Testing. August 29, 2008.
¥ ASTM D624 -00(2007) Standard Test Method for Tear Strength of Conventional Vulcanized

Rubber and Thermoplastic Elastomers.
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currently used in other industries. However, different formulations and processing regimes for
existing materials may be used to optimize performance for the specific requirements of FGE
pipeline service.

In order to qualify for such service, any candidate material should be evaluated to ensure
chemical resistance to the exposure. Further, the case of dynamic vs. static testing needs to be
considered; the candidate materials should be put through a rigorous testing (laboratory and
field-based) regimen to confirm their suitability; a number of dynamic and static tests have been
proposed.

Based on literature from gasket manufactures, such as’, it appears that in developing the new
materials for FGE service, the addition of fillers will assist with structural properties such as cold
flow and creep.

6.8 Additional References Reviewed but Not Specifically Cited

1. “Alcohols and Ethers, A Technical Assessment of Their Application as Fuels and Fuel
Components, API Publication 4261- Third Edition, June 2001.

2. PHMSA Monthly Report: Performance of Elastomeric Materials upon Exposure to
Ethanol-Gasoline Blends tested under Static and Dynamic Loading Conditions”,
Quarterly Progress Report 2009.

3. Personal conversation with Flexitallic Gasket Co. Website: www.flexitallic.com.
Supplier of PTFE Teflon gaskets.

4. “Chemical Resistance of Elastomers”, The Los Angeles Rubber Group, Inc., Website:
www.calgasket.com.

%0 Personal conversation with Garlock Gasket Co. Supplier of the 5500 series of nitrile rubber gaskets, the Blue
Gylon PTFE gaskets, and the Stress Saver Style XP fluoroelastomer gasket. Website: www.garlock.com.
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7 Task 2.1: Control and Monitoring of Oxygen Uptake
7.1 Objective

The scope of Task 2.1 included assessing pipeline system design parameters for controlling and
monitoring the uptake of oxygen during the pipeline transportation process. Research has shown
that the most significant environmental variable controlling susceptibility to ethanol SCC in steel
is dissolved oxygen concentration for both SFGE and FGE samples.

7.2 Approach

Laboratory studies have shown that incidental aeration of FGE through normal handling, transfer
and tank storage results in roughly the same susceptibility to ethanol SCC as found in tests where
forced aeration is attained through purging of the FGE sample with (a) air or with (b) a mixture
of oxygen and nitrogen with oxygen mole percentage comparable to air. However, when the
oxygen level in the cover gas is reduced to 1%, no SCC failures have been observed in FGE and
several transmix compositions with gasoline. A combination of site visits, summation of existing
field experience through standards and practices, and a literature review with be used in this task.

Commercial dissolved oxygen monitoring equipment is available that is compatible with
standard facilities automation and control systems used at pipeline facilities. The existing devices
may work for occasional grab samples, but their long term performance in the field is uncertain.
It is likely that these shortcomings can be eliminated through materials selection for
compatibility to FGE and/or for organic permeability. These issues were evaluated and
recommendations were made to improve their serviceability in system handling FGE.

7.3 Task Description

Assessment of transport of FGE from the manufacturer to the pipeline facility, tank storage,
transfer of FGE between tanks during storage (prior to and after pipeline transport), and entry
and exit of FGE with the pipeline was conducted. This evaluation included the possible
implementation of inert gas purging/cover gassing, mechanical deaeration, and chemical
additions (oxygen scavengers or inhibitors for ethanol SCC). These methods were considered
followed by the identification of the configurations and space required for implementation,
points of system entry and equipment requirements.

The results from this Task were incorporated into this report and descriptions of various possible
pipeline oxygen control methods, review of their positive and negative factors for
implementation, and an evaluation of their likely feasibility. It also describes oxygen monitoring
scenarios compatible with pipeline field operations, where feasible. It also provides data on the
oxygen monitoring capabilities of two commercial units and their extended duration
performance. The report provides recommendations for best practice oxygen control and oxygen
monitoring for application to pipelines involving exposure to FGE.

7.4 Methods and Procedures

7.4.1 Assessment of In-Service Oxygen Control and Monitoring

The objectives of this portion of the Task 2.1 report were to determine pipeline system design
parameters for controlling and monitoring the uptake of oxygen during the transportation process
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from the production plant to the terminal loading tank. The key activities associated with this
effort were:

documenting the transportation process including rail, truck, barge, and pipeline;
identifying areas for further investigation relative to oxygen entering the process;
suggesting mitigation techniques to prevent oxygen from entering the process; and
identifying potential areas for oxygen monitoring in the pipeline transportation process.

The approach of this portion of Task 2.1 was comprised of three phases.

e Phase 1 consisted of assessing the current FGE transportation process from the
manufacturer to the pipeline facility tank storage, transfer of FGE between tanks during
storage (prior to and after pipeline transport), and entry and exit of FGE into and out of
the pipeline.

e Phase 2 consisted of identifying mitigation approaches such as inert gas purging/cover
gassing, mechanical deaeration, and chemical additions to limit and/or remove oxygen
which is introduced through the transportation process.

e Phase 3 consisted of identifying potential locations for oxygen monitoring along the
pipeline system.

7.4.2 Laboratory Assessment of Oxygen Monitoring

The non-laboratory portion of this task (section 7.5.1) assisted in developing an experimental
procedure for evaluating dissolved oxygen monitoring systems in a simulated SFGE production
and transportation environment. Aeration and deaeration (inert gas purging/cover gassing) were
implemented in the laboratory to simulate unloading and loading procedures in FGE and ethanol-
containing fuels and subsequent oxygen control methods, respectively.

In these tests, deaeration and aeration were achieved using nitrogen and breathing air purges,
respectively. In addition, following the deaeration step, the tank was sealed to simulate a process
which occurred in a closed environment such as pipeline transportation. A probe exposure period
of approximately ninety (90) days was chosen. However, if continuously submerged in ethanol,
it was suspected the dissolved oxygen probes would not be operational after perhaps as little as a
few weeks. Finally, to simulate sequencing of fuels in transport pipelines, the probes were briefly
exposed to gasoline and jet fuel (kerosene) as was used in previous studies. The composition of
the ethanol solution remained unchanged for the entire test resulting from change out before and
after the fuel exposure. An outline of the three month schedule is displayed in
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Table 21.

Two dissolved oxygen probes were chosen for evaluation: probes from Polestar Technologies
Inc. and Honeywell dissolved oxygen (DO) — the latter probe is designed for use in aqueous
systems. Both probes are shown in Figure 31. The Polestar probe operates on the basis of
fluorescence quenching where the test fluid is probed with a specific intensity of light; variations
in the reflected light are correlated to a dissolved oxygen level. The Honeywell probe operates by
measuring changes in voltage based on the amount of oxygen which has diffused through the
probe’s membrane. These probes were both connected to a data acquisition system which
gathered data throughout the duration of the experiment. Each probe was calibrated prior to
initiating the exposure. In the case of the Polestar probe, it was shipped with a factory calibration
of the probe in ethanol.

Figure 31. Dissolved oxygen probes; Honeywell probe (left) and Polestar probe (right)

The experiment was conducted in a 5 liter Nalgene tank with ports in for gas in and gas out. The
probes were secured through the lid of the tank; approximately 2L of SFGE was used to cover
the probes once they were installed. The setup for the experiment is shown in Figure 32.
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Table 21. Experimental schedule for control and monitoring of oxygen uptake
Event Duration (Days)
Month 1 FGE w/ 10 ppm CI 27
Air purge
week 1 Nitrogen purge
No purge
Air purge
week 2 Nitrogen purge
No purge
Air purge
week 3 Nitrogen purge
No purge
Air purge
week 4 Nitrogen purge
No purge
Gasoline Only
Month 2 FGE w/ 10 ppm CI
Air purge
week 1 Nitrogen purge
No purge
Air purge
week 2 Nitrogen purge
No purge
Air purge
week 3 Nitrogen purge
No purge
Air purge
week 4 Nitrogen purge
No purge
Jet Fuel Only
Month3 | FGE w/ 10 ppm Cl
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Air purge
week 1 Nitrogen purge
No purge
Air purge
week 2 Nitrogen purge
No purge
Air purge
week 3 Nitrogen purge
No purge
Air purge
week 4 Nitrogen purge
No purge
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7.5 Results

7.5.1 Assessment of In-Service Oxygen Control and Monitoring

7.5.1.1 The Current Transportation Process

Rail car and barge loading facilities at a FGE producer’s plant in Illinois were toured as were rail
car and barge unloading facilities owned by terminaling companies in Texas and Florida. Tank
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truck loading facilities at a FGE producer’s plant in Illinois and at terminaling company’s
locations in Texas and Florida were also toured.

Prior to, during, and after the tours, company personnel responsible for the operations were
consulted regarding the process, procedures, and equipment in use at the facilities. The first-hand
knowledge and cooperation from those actually responsible for the FGE handling and
transportation process was invaluable in developing this report.

Literature searches conducted during the as-is investigation located various documents dealing
with safe loading, transportation, and unloading of rail cars with FGE including the following:

e Best Practices for Rail Transportation of Fuel Ethanol, published November 19, 2009 by
the Renewable Fuels Association (RFA).

e United States Hazardous Materials Instructions for Rail, published June 25, 2008 by the
Federal Rail Administration (FRA) which is part of the U. S. Department of
Transportation.

e Pamphlet 34 Recommended Methods for the Safe Loading and Unloading of Non-
Pressure (General Service) and Pressure tank Cars, July 11, 2008, published by the
Association of American Railroads (AAR).

These documents deal primarily with safety issues and provide guidelines from which individual
operators are encouraged to develop Standard Operating Procedures for each of their shipping
locations. The Best Practices for Rail Transportation of Fuel Grade Ethanol brochure published
by the RFA provides guidance regarding rail car inspection, loading, and unloading, including
such items as how to tighten the bolts on the various car opening and how to select proper O-
rings.

Literature research however failed to locate documents describing or establishing standards for
how to keep FGE from contacting oxygen during the loading process. This is not surprising as
the topic of FGE and oxygen as related to Stress Corrosion Cracking (SCC) and other problems
which might be caused by contact with oxygen is relatively new. Due to the absence of literature,
the site tours provided the primary information regarding the loading processes.

7.5.1.2 Logistics Summary

No pipelines currently deliver FGE from product plants to blending terminals. This means all
FGE is transported at least partially by rail car, barge, tank truck, or a combination of two or
more of these methods along its journey (Figure 33).

Page 92



Final Report DTPH56-09-T-000003

Figure 33. FGE transportation from the production plant to the blending site.

According to the Renewable Fuels Association, approximately 70 percent of FGE currently
travels by rail for at least part of its journey to the market place.”’

Given the interest in “renewable” fuels and forecasts for significant increases in FGE production,
efforts are underway to move FGE by pipeline. In fact, Kinder Morgan regularly ships neat FGE
in their Central Florida Pipeline, positioning the FGE batch between gasoline batches. The FGE
moved on the Central Florida Pipeline is shipped to Tampa by barge and rail car and then
transported to Orlando by pipeline where it is ether blended into gasoline at the Kinder Morgan
terminal or shipped to other facilities by truck. On another front, Magellan Midstream Partners,
L.P and Poet are jointly studying the potential for a dedicated pipeline which would gather FGE
from production facilities in lowa, South Dakota, Minnesota, Illinois, Indiana and Ohio to serve
terminals in major Northeastern markets. The project, preliminarily estimated to cost in excess of
$3.5 billion, would span approximately 1,700 miles and would take several years to complete.

7.5.1.3 Rail Transportation

Rail cars are normally loaded from the top by simply opening the car dome and dropping a
downspout on the end of the load arm into the empty car. Once the end of the downspout is
submerged, splashing of the FGE being loaded is limited (Figure 34).

L

3 Best Practices for Rail Transport of Ethanol, Renewable Fuels Association, November 19, 2009, p. 2
32 Extracted from http://www.poet.com/discovery/releases/showRelease.asp?id=155
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Figure 34. Rail car loading.
The atmosphere inside the tank prior to loading is dependent on what was last moved in the car.
Until the loading downspout is submerged, FGE splashes and contacts the atmosphere inside the
rail car. As the downspout become submerged, splashing decreases but the force of loading still
causes surface agitation of the FGE against whatever atmosphere is in the car. If the atmosphere
inside the car includes oxygen, oxygen will be in contact with the FGE.

Rail cars can be, and reportedly sometimes are, loaded from the bottom. This may limit splashing
but the surface of the FGE will still be in contact with the atmosphere inside the tank and will
still have some amount of agitation as the loading occurs.

Rail cars have pressure/vacuum vents on the top to keep the pressure inside the tank at safe level.
The cars are painted black and ambient heating during transport causes the FGE to expand,
raising pressure inside the tank. When this happens the pressure vent opens relieving the
pressure. When the tank and the FGE inside it cool, the pressure vents function, allowing relative
small volumes of air to enter the car.

When rail cars arrive at the site, they are inspected and then the domes, shown in the middle of
Figure 35, are generally opened to read the marker rod and facilitate unloading. Air enters
through the open dome during the unloading process exposing the FGE inside the tank to the
atmosphere and accordingly to oxygen.

Figure 35. Rail car d.()me, “bread box” and vent.

One unloading technique involves connecting a hose to the valve on the bottom of the rail car
and the FGE is pumped from the car into storage tanks (Figure 36).
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i _
Figure 36. Rail rack with empty cars still spotted.
Sometimes FGE is metered as it is unloaded but more often it is purchased based on the volumes

measured at the loading point. In that case, the unloading rail rack simply has a pump connected
to multiple unloading connections. Air elimination may or may not be installed (Figure 37).

[Hve—
[:]—IE:]I— Rail Rack

Unloading pump

Figure 37. Rail car unloading schematic.

Another unloading technique involves spotting cars along a siding and unloading them directly
into a truck. Sometimes a hose is connected to the truck vapor recovery connection and to the top
of the rail car tank to return vapors from the truck to the rail car (Figure 38).
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Figure 38. Rail car to truck transfer.

Two hoses are connected to this truck, one to fill the truck with FGE, the other to return the
vapors displaced during loading to the hose going to the top of the rail car. Depending on the
unloading process by the truck for its previous load the vapors might contain oxygen as well as
other vapors.

In summary, loading rail cars with FGE is accomplished by either top or bottom loading. In
either case, the atmosphere inside the car prior to loading is the key determiner of how much
oxygen mixes with the FGE during loading. The amount of oxygen entering the tank via the
pressure/vacuum vent during transport is driven primarily by the magnitude and number of
ambient temperature changes experienced by the car from the time it is loaded to the time it is
unloaded. Oxygen entry during unloading depends on whether air, or some other more inert gas
(such as returned ethanol vapors), enters the tank during the unloading process.

7.5.1.4 Truck Transportation

Tank trucks are now almost exclusively loaded from the bottom. As with rail cars, the
atmosphere inside the truck compartments prior to loading FGE has an impact on whether or not
oxygen comes in contact with the FGE during the transportation process. Tank truck loading is
accomplished by positioning the tank truck in a loading “spot’ or station. The truck is then
grounded to the pipeline at the spot to insure the truck and piping are at the same electrical
potential to prevent sparks from occurring. Depending on federal, state, and local regulations the
vapor line from the top of the truck compartments may be connected to a vapor recovery or
vapor disposal system or it may be vented to the atmosphere. In Figure 39 the vapors are vented
through the L shaped connection in the left foreground.
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Figure 39. Tank truck loading.

In the case of Figure 39, the truck is connected to the piping by flexible hoses. In other cases the
aluminum “load arms” are connected to the bottom truck manifold.

Tank truck transportation of FGE is normally shorter distances than rail car or barge movements,
so the FGE has less time to react to ambient temperature changes and expand and contract.
Accordingly, it is likely that very little opportunity for oxygen to enter the tank through the
pressure/vacuum vent during transport.

Truck unloading is essentially the reverse of truck loading. The truck is connected via flexible
hosing to a pump system which pumps the FGE into a storage tank (Figure 40).

Air eliminator

iH_HE :Ewﬂl—uxu—

Mot to scale

Unloading pump
Figure 40. Tank truck unloading spot schematic.

Air eliminators are typically installed upstream of the meter and a back pressure valve is
typically installed downstream of the meter to ensure metering accuracy. In most cases air enters
the truck compartment as it is being emptied. This air then remains in the tank and can mix with
FGE is that is the next product loaded onto the truck.

7.5.1.5 Barge Transportation

Barge movements of FGE in the past have been a relatively small component of FGE
transportation network but will likely gain in popularity as volumes increase. They are loaded
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from the top through the barge piping system and withdrawn through the same system as shown
in Figure 41 As with rail and truck, the atmosphere present in the barge compartments prior to
loading impact whether or not FGE comes into contact with oxygen during the loading process.
During loading, the barge hatch may be open, or, depending on federal, state, and local laws the
barge compartment may be connected to a vapor recover or destruction unit. During unloading
the hatch may be open or the pressure/vacuum vents may function to ensure safe pressure levels
are maintained in the barge compartments.

e

Figure 41. Barge unloading.

Barge unloading is much like rail and truck unloading except that the barge provides the
pumping force (Figure 42).
Air eliminator air eliminator may

or may not be installed

From barge To storage

Unplz;na?ng I¥I_N_| LI |_|E b

C ti i i
onnections MeteringMetering

(Not to scale)
Figure 42. Barge unloading schematic.

Air eliminators are typically installed upstream of the meter and a back pressure valve is
typically installed downstream of the meter to ensure metering accuracy. In most cases air enters
the barge compartment as it is being emptied. This air then remains in the tank and can mix with
FGE if that is the next product loaded onto the barge.

7.5.1.6 Pipeline Transportation

Pipeline transportation of FGE is a relatively recent development, but pipeline transportation of
refined products has been in use for many years. High pressure, cross country pipelines are
essentially closed systems. They operate well above atmospheric pressure, so it is impossible that
oxygen would be forced into the pipeline by atmospheric pressure at any point between the
mainline pump and the delivery meter station under normal operating conditions (Figure 43).
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Booster  Mainline
Pump Pump

Notto scale

Figure 43. Pipeline block flow diagram

The lowest pressures experienced in the system are between the receipt tankage and the booster
pump, and potentially between the delivery meters and the delivery tankage. But, pipeline and
tank farm designers take special care to ensure the static head of the receipt tank, less the friction
loss of the pipe between the receipt tank and the booster pump, plus or minus the pressure
change due to elevation differences between the receipt tank and the booster pump, keep
operating pressures well above the vapor pressure of the material being moved.

Refined products pipeline pumps are centrifugal pumps which will cavitate if the Net Positive
Suction Head-Pressure Available (NPSHA) falls below the Net Positive Suction Head-Pressure
Required (NPSHR). Cavitation occurs when the pressure on the suction side of the pump falls
below the vapor pressure of the liquid being transported. When that happens the liquid turns to
gas as it enters the pump. The energy from the pump collapses the gas bubbles back into liquids
with a commensurate release of energy which impacts the pump impeller and case. To prevent
liquid from turning into vapor as it enters the pumps, pump station designers calculate the
NPSHA available to ensure it is higher than the NPSHR by the pump. If the NPSHA is near the
NPSHR engineers may increase line size to reduce friction loss, or change the booster pump to
one with a lower NPSHR.

In fact, pipeline pumps commonly have low suction pressure switches which shut down the
pump if suction pressure falls below a preset level. For these reasons leaking pump seals result in
liquid leaking out of the pump and not air being drawn into the pump. As a consequence of all
these precautions, pipeline pump stations are not constructed with deaerators between the receipt
tank and the mainline pump.

Any gas (versus liquid) in the refined products stream causes metering inaccuracies. Given the
importance leak detection and accurate custody transfer, pipeline companies ensure all volumes
go through the meters in only a liquid form, often installing back pressure valves to ensure
sufficient pressure to keep all fluids liquid.

Denatured ethanol has a vapor pressure above the point where floating roofs are required, so
FGE terminal tanks have internal floating roofs. These roofs float on top of the ethanol to contain
any ethanol vapors from escaping and to prevent any air from comingling with the FGE in
storage. Seals installed between the roof and the tank shell, and around the roof columns and
gauging tube, minimize entry of air (and consequently oxygen).
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7.5.1.7 Product Batching

Refined products pipelines typically ship multiple types and grades of product on a
predetermined “cycle” of 5, 7, or 10 days. Shipments are scheduled such that compatible
products are next to each other. All gasoline grades are scheduled together, followed up with
diesel and jet fuel for example (Figure 44).

End of cycle Beginning of cycle

Jet

egular  [Midgrade [Premium | Midgrade | Regular sl fudl Biasil

asoline |Gasocline Gasoline | Gasoline | Gasoline

Direction of Flow

Figure 44. Typical refined products cycle
(Note: this might not be common batch arrangement).*

When FGE is moved on refined products pipelines it is scheduled into the normal batching
sequence in a location which will best protect product quality (Figure 45).

End of cycle Beginning of cycle

Jet
Diesel | el | Diesel

Regular Midgrade | Premium [Midgrade | Regular
Gasoline Gasoline |Gasoline |Gascline | Gasoline

L J

Direction of Flow

Figure 45. Potential refined products batching scenario including FGE
(Note: this might not be common batch arrangement).

Refined product pipeline origination pump stations normally connect to one or more “tank
farms”, each containing a number of steel storage tanks for different types or grades of refined
products. Some of these tank farms are located at refineries and others are located at connection
points to other pipelines. As one tank is emptied, pipeline central control room operators switch
to the next tank based on the assigned schedule.

Figure 46 is a simplified schematic for a pipeline origination station.

3 Miesner, T. O., and Leffler, W. L., Oil and Gas Pipelines in NonTechnical Language, Pennwell Publishing, 2006,
p. 65.
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Figure 46. Pipeline origination station schematic.

Some mixing occurs at the interface between the various products. But, operating practices limit
the mixing. Common operating practice calls for switching between batches in a way which
protects the quality of the higher grade material. For example, the control room operator insures
the premium gasoline following the mid-grade gasoline is up to spec before diverting flow to the
premium gasoline tank. Accordingly, batches of lower grade product typically gain volume
between origination and destination and higher grade products typically loss volume.
Alternatively, the switch may occur in the middle of the interface with some interface going to
into each product. Finally, two switches might be made, one to a dedicated interface tank and the
next to the products tank.

7.5.1.8 Mitigation Techniques

Keeping oxygen from mixing with FGE is primarily a matter of preventing the two from coming
into contact with each other. Consequently for the transportation process, mitigation techniques
would involve ensuring oxygen is not:
e Present in the atmosphere inside the rail car tank, or the truck or barge compartment prior
to or during loading,
e Drawn into the rail car tank or truck or barge compartment if the vacuum vent functions,
or,
e Allowed to enter the rail car tank or truck or barge compartment during unloading.

The logical implication of these three points is that the FGE transportation process could be
improved from an oxygen exclusion standpoint by making it more closed, that is dedicating
equipment to FGE service preventing oxygen from entering the system during unloading.

Page 101



Final Report DTPH56-09-T-000003

Just as trucks went to bottom loading many years ago for hydrocarbon liquids, bottom loading
with vapor recovery or disposal for rail is a logical evolution of the handling process. Bottom
loading would prevent oxygen from entering the tank around the loading downspout. Truck
bottom loading and barge loading through barge piping (as long as the pressure inside each
compartment is maintained slightly above atmospheric) would prevent oxygen from entering the
compartments.

The amount of oxygen entering rail, truck, and barge tanks and compartments is not known and
may be so small as to have minimal impact (but as of now this is only an assumption and the
alternative could be the case, as well). Calculations, which are beyond the scope of this study,
should be performed to determine if this source is something which should be addressed or not.

The unloading process is likely the most difficult to address as it would call for adding an inert or
otherwise non-reactive gas into the tank or compartment during the loading process as the liquid
is withdrawn. The tank return system used in some rail unloading schemes could provide the
answer to how this situation can best be addressed.

From a pipeline perspective, tank sampling to determine the presence of oxygen prior to
accepting FGE for transportation would give the pipeline company the opportunity to use
mechanical deaeration by circulating the tank to remove oxygen or adding chemicals to scavenge
the oxygen (Figure 47).

Booster Tomainline
Pump Pump

I_Q—ININI

Recir( ulation
line
|><IHI-

Deaeration or
chemical treating

Figure 47. Mechanical deaeration or chemical treating.

7.5.1.9 Potential Oxygen Monitoring Locations

As previously discussed, the most likely entry points for oxygen into FGE are during the rail,
truck, and barge loading and unloading process. FGE is often loaded into tanks containing air,
and air is drawn into the tanks during FGE to maintain positive pressures. As previously
discussed, pipelines are pressurized and closed systems with little possibility of air being drawn
into them. For those reasons, the best oxygen monitoring locations are as the FGE is being
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unloaded at the pipeline terminal and at the storage tank prior to shipping the FGE to the
pipeline.

Alternatively, truck, rail, and barge compartments could be sampled immediately prior to loading
to verify the amount of oxygen contained in the FGE. This approach may not always be
effective, especially for rail and barge transportation which is generally longer distance and
experiences more changes in ambient temperatures with the attendant functioning of
pressure/vacuum vents to accommodate pressure variations.

If oxygen monitoring of pipelines is desired, it should be performed early in the process as
possible. One potential approach is to sample FGE tanks for oxygen content prior to shipment
which would an early indication of oxygen concentrations prior to FGE entering the pipeline
system.

Another solution would be to install oxygen monitoring at a location upstream of the main line
pump of the origination station (Figure 48).

Installing oxygen monitoring equipment on the pipe in the foreground left would provide access
and close proximity to existing conduit runs and control equipment. Note the corrosion coupon
holder on the left.

If installation of oxygen monitoring equipment were desired at the delivery station to alert the
operator to incoming FGE high in oxygen it would logically be installed in the vicinity of the
incoming meter (Figure 49).
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Figure 49. Installation location for delivery oxygen monitoring.
The incoming turbine meter is located to the right on the pipe in the foreground. Installing
oxygen monitoring in this location would be logical. Care would have to be taken so the

installation did not generate turbulence in the flow stream which would impact meter accuracy.

7.5.2 Results of Laboratory Oxygen Monitoring Experiments

The general trends between the two dissolved oxygen probes were generally similar. That is,
under an air purge the measurements from both probes increased and while under a nitrogen
purge both decreased. However, the relative magnitude of the two probe readings was different
throughout the test as can be seen by comparing Figure 50 and Figure 51 with the Honeywell
probe showing much lower values than those from the Polestar probe. Additionally, the readings
for both probes, while qualitatively reflective of periods of aeration and deaeration, did not
provide absolute values of dissolved oxygen concentration. This can be seen in the figures since
aerated ethanol is expected to have a dissolved oxygen concentration of around 69 to 80 ppm.

The duration of the tests lasted five months which exceeded the original testing schedule by two
months. This additional time was used to obtain more data and information on probe
performance.

Figure 50 displays the readings from the Polestar dissolved oxygen probe throughout the entire
test. The deep narrow dips show a decrease in dissolved oxygen levels during the nitrogen purge
(noted by the green arrows) followed by an increase during the subsequent sealing of the tank.
The high values between the dips are the five day air purge (red arrows).
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Figure 50. Dissolved oxygen levels measured by the Polestar probe.

The Polestar probe has an automatic gain control (AGC) feature which increases the intensity of
the LED signal to compensate for aging (photo bleaching) of the fluorescence sensing element
over time. Once the Polestar probe reaches the AGC limit the sensing element is no longer
useful. Polestar recommends keeping the level below 2000 (of arbitrary unit), however the probe
will continue to provide a signal up to a level 3500. Above 3500, the probe will no longer display
a dissolved oxygen reading. The AGC level is indicated numerically, as well as, by a colored
light indicator on the face of the probe. A simple way to increase the life of the probe is to
decrease the frequency of the readings, but this was not evaluated in this study, but may be
needed if longer term, in-service use is anticipated.

The AGC limit was reached after approximately three months of study indicated by the black
arrow in Figure 50. However, the probe was still able to obtain measurements if the dissolved
oxygen level was low enough. Therefore, under a nitrogen purge for several days, the oxygen
level dropped which was low enough for the sensor to obtain readings as shown in Figure 50.
However, once the air purge was initiated, the dissolved oxygen level would increase and the
probe would again reach the AGC limit (and display the value -10).

The Polestar probe had another phenomenon—the increase in the magnitude of the reading over
time under the same condition. This nearly linear increase of the reading throughout the testing
duration is indicated in Figure 50 by the dashed black lines. A Polestar representative attributed
this phenomenon to “noise” in the sensor over time, as well as the photo bleaching effect which
requires an increase in the LED intensity to compensate. However, if the absolute value of the
reading is not important, it is possible to adjust the calibration factors to bring down the needed
LED intensity such that the AGC limit will not be reached. This is shown in Figure 50 by the
right-most green arrow. Here the probe was recalibrated and put under a nitrogen purge. The
dissolved oxygen reading decreased from the 70 ppm level previously seen during the nitrogen
purges, down to 3 or 4 ppm (green arrow).

Ultimately, the Polestar probe displayed dissolved oxygen levels twice the expected level at best.
The initial spike seen during the initial days of testing is due to the factory calibration for ethanol
that was unexpectedly reset to arbitrary values. However, even after correcting the calibration
parameters, the expected air saturation value of 60 to 80 ppm were not observed. The probe
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reading decreased during the nitrogen purges. However, the air purge level increased up to three
to four times the expected level midway through the test. While the Polestar probe is designed to
accurately measure dissolved oxygen levels in ethanol, the team found that “fine tuning” of the
factory calibration is needed.
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Figure 51: Dissolved oxygen levels measured by the Honeywell probe.

The Honeywell dissolved oxygen probe continued to display the same overall trend as the
Polestar probe after the first month although the difference in magnitude was still present (i.e. at
much lower values). Figure 51 shows an increase in the probe’s reading occurred in early June
(indicated by the purple arrow). During this time the probe was under an air purge. However, the
value eventually returned to the previous magnitude during a nitrogen purge indicated by the
green arrow. The reason for this probe behavior is not known.

The Honeywell probe is designed to measure dissolved oxygen levels in aqueous solutions where
the concentrations are in the low ppm to ppb range (air saturation values in water are typically 4-
6 ppm). However, it was never designed to measure dissolved oxygen levels in ethanol, but it
was included since it was field ready and in use for DO measurements in aqueous systems (not
ethanol solutions). A difference in magnitude between the Polestar and Honeywell probes was
anticipated. Despite the magnitude differences, the overall trend of the two probes was the same;
during aeration, the reading of both probes increased compared to that during deaeration. While
the Honeywell probe in theory could be adjusted to display the theorized oxygen level by using a
correction factor, the changes in signal magnitude and noise in signal caused significant concerns
for any field use of the Honeywell probe in ethanol-containing products.

7.6 Key Findings

7.6.1 Assessment of In-Service Oxygen Control and Monitoring

Based on the findings of this study, considerable opportunity exists for oxygen to enter the FGE
stream during the truck, rail, and barge loading and unloading processes. Once FGE enters the
pipeline terminal tank, very little, if any, additional oxygen enters the process during normal
operations. It may be possible that, due to the exclusion of oxygen downstream in the pipeline
and consumption of oxygen through normal corrosion processes on exposed steel surfaces, the
level of aeration in FGE in the pipeline may be below a critical level required for ethanol SCC.
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Despite the aforementioned possibility, it appears that eliminating the entry of oxygen during
truck, rail, and barge loading and unloading processes, or removing the oxygen from the FGE
stream as the stream enters the first pipeline terminal tank will provide the largest benefit to
preventing oxygen from occurring in the FGE as it is transported by pipeline. Sampling the
pipeline terminal tank prior to accepting FGE for entry into the pipeline would alert the pipeline
operator to the presence of oxygen and the need for mechanical deaeration or addition of
chemical additives prior to accepting the FGE for shipment.

Currently, the atmosphere inside the empty rail car, tank truck, or barge compartment at the time
of loading is uncontrolled, that is, whether or not oxygen is in the tank prior to loading depends
on the prior service of that tank. In some cases the tank was in FGE service immediately prior to
loading, and the atmosphere inside the vessel may contain essentially no oxygen. In other cases,
the vessel may have come from the service shop or from incompatible service, which means it
was cleaned and vapor freed. In both cases, unless actions have been taken to remove oxygen
from the vessel, it will likely be filled with air prior to loading FGE. That means FGE will
directly contact the air as it enters the vessel.

Prior to offloading, the rail car or truck dome, or the barge hatch, is normally opened. This
means air can enter the vessel as the FGE is withdrawn. Likewise barges, tank trucks, and rail
cars contain pressure/vacuum vents which function to maintain internal pressures at safe levels.
These vents function as changes in ambient air temperatures cause the FGE contained in the
vessel to expand or contract. When these pressure/vacuum vents function, vapors either exits the
vessel or air enters the vessel.

The primary mitigation techniques to keep oxygen from contacting FGE during the loading,
transportation, and unloading process are:
1. Managing the atmosphere inside the vessel prior to loading,
2. Controlling what enters the vessel during the transportation process to maintain pressure
levels, and
3. Managing what enters the vessel during the unloading process.

Recommended oxygen monitoring locations are:
1. As FGE is unloaded into the pipeline terminal tank,
2. At the tank prior to accepting the FGE for shipment, and
3. Between the booster pump and the mainline pump.

From the work done, ensuring the tank or compartment is oxygen-free prior to filling, appears to
be the single best way to prevent oxygen from mixing with FGE. If oxygen enters the stream,
mechanical deaeration and/or chemical treating could be performed near the terminal tank prior
to shipping FGE on the pipeline.

Recommended next steps include:
1. Conducting a more detailed study including engineering calculations to determine the
amount of oxygen which could mix with FGE through vacuum vents during the
transportation process under various scenarios,
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2. Surveying FGE loading facilities to determine the magnitude of the equipment which
would need to be installed to insure oxygen was not present in the tank or compartments
prior to loading and to ensure oxygen did not mix with FGE during loading, and

3. Surveying FGE unloading facilities to determine the magnitude of the equipment which
would need to be installed to insure oxygen was not drawn into the tank or compartments
during unloading and to ensure oxygen did not mix with FGE during unloading.

7.6.2 Laboratory Studies on Oxygen Monitoring in SFGE

The exposure of the two probes culminated with a summary of their respective capabilities for
measuring dissolved oxygen in ethanol, feasibility and extended duration performance.

Polestar dissolved oxygen probe:

1. It is shipped with factory calibration of the probe in ethanol; however a calibration
specific to FGE needs to be measured and may require custom calibration.

2. Useful probe life can be extended by reducing the frequency of the measurement; in
this way, time to reach the AGC limit will be delayed. In these tests, the probe
reached the AGC limit after three months with a reading frequency of 1 Hz. To
continue readings after the AGC limit is reached requires replacing the sensing
element.

3. Probe life also varies inversely with dissolved oxygen levels; higher levels require
greater light intensity thus decreasing the time before AGC limit is reached.

4. Readings obtained by this probe were roughly two to four times the expected value;
better agreement could likely be obtain with custom calibration.

5. Physical deterioration was not observed.

Honeywell dissolved oxygen probe:
1. Dissolved oxygen measurements were typically an order of magnitude lower than the
expected value and significantly lower than those made by the Polestar probe.
2. The Honeywell probe was not designed to make measurements in ethanol and may
require modification to allow use in ethanol-containing media.
3. Physical deterioration was not observed.

General conclusions:

1. Each probe exhibited the same overall trends with respect to deaeration (low
readings) and aeration (high readings).

2. Environmental conditions such as pressure, temperature and ambient exposure must
be considered when implementing these systems for field use. Each system has the
means for inputting temperature and pressure measurements to actively compensate
the dissolved oxygen reading; the Honeywell probe has an integrated thermocouple,
but is not intended for use in ethanol and provides very low readings.

3. Each probe has its own data acquisition system; these systems were each connected to
a single National Instruments DAQ system for combined data collection.

4. The physical space required for implementation of these probes is essentially the
same and requires minimal allocated space on site.
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8 Task 2.2: Internal Corrosion Monitoring
8.1 Objective

The requirements for internal corrosion monitoring for cases of transportation of FGE by
pipelines were reviewed in this task. This review considered monitoring for the common forms
of corrosive attack — mass loss corrosion, pitting corrosion, and ethanol SCC — with the major
emphasis being ethanol SCC. It included offline and online methods that are available for each of
these corrosion phenomena.

8.2 Approach

Honeywell has previously conducted field corrosion monitoring in ethanol systems. This work
demonstrated that electrochemical corrosion monitoring methods could be successfully
implemented and can provide data online, real-time either through hardwire or wireless systems.
The low conductivity of the FGE environment was found not to be a barrier, as long as internal
IR compensation was effectively attained, and electrode surface area selection was appropriate.
The results showed changes in corrosion rate with operating conditions.

Generally, corrosion rates in FGE were low (< 1 mpy — mils per year) for FGE within the ASTM
D4806 specification. Maximum corrosion rates occurred during tank loading and unloading with
flow that increased both corrosion rate (with a combined linear polarization resistance harmonic
distortion technique) and pitting tendencies (as determined by electrochemical noise
measurements) a possible precursor to SCC). The most activity was identified at loading rack
locations exposed to high velocity flow and turbulence resulting from FGE deliveries.

The abovementioned work also conducted field testing of stressed U-bend specimens over a
period of 12 months. U-bend tests, which had several weld bead configurations (stress
concentration) and mill scale, have been observed to produce SCC in a period of months, when
exposed to a FGE or SFGE with a propensity for inducing ethanol SCC. Presently, there is
commercially available technology for corrosion coupons and probes that have been utilized in
pipeline operations. However, there is no known reliable and robust technology for field
monitoring of SCC. Both manual and automated techniques were included in this study for
monitoring of corrosion/pitting measurements using electrochemical techniques and an
instrumented stressed coupon (measuring load vs. time) for SCC monitoring.

8.3 Task Description

The requirements for internal corrosion monitoring for cases of transportation of FGE by
pipelines were reviewed in this task. This review considered monitoring for common forms of
corrosion attack — mass loss corrosion, pitting corrosion, and ethanol SCC. It also included
offline and online methods that are available for each of these corrosion phenomena. The results
from this task were incorporated into a report that provides descriptions of the pipeline corrosion
control methods required to assure pipeline integrity. It also provided data on the corrosion and
cracking monitoring capabilities of readily available commercial techniques. This report also
provides recommendations for best practice corrosion control and corrosion monitoring in
pipeline systems used for FGE transport.
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8.4 Methods & Procedures

Laboratory corrosion tests were performed in synthetic fuel grade ethanol (SFGE) and in
modified SFGE environments that included the effects of aeration and deaeration, and water
content in excess of that defined by the ASTM D4806 specification for FGE. During this
cumulative exposure, corrosion measurements were made with a combination of conventional
corrosion probes and corrosion coupons along with stressed specimens (plastically deformed U-
bends and fracture mechanics compact tension specimens). A regular deaeration and aeration
schedule for this task was similar to that used for Task 2.1 (See Table 22). However, fuel
(gasoline and jet fuel) sequencing as used in Task 2.1 was not imposed in this task.

8.4.1 Test Specimens

An initial study of a more sensitive commercial electrical resistance (Super ER) probe —
MicroCor — was used to assess probe behavior based on the composition of the test fluid and
deaeration/aeration conditions. Based on the results of this study, a protocol for the solution
composition over the ninety day experimental exposure was developed.

Subsequently, two commercial corrosion monitoring systems were tested; a Metal Samples
electrical resistance (ER — electric resistance) probe and a Honeywell (LPR — Linear Polarization
Resistance) probe both shown in Figure 52. Both probes collected data in real-time through their
respective data acquisition systems.

Bolt loaded and plastically deformed U-bend specimens with large weld irregular beads were
exposed to assess their usefulness as an offline corrosion monitoring technique for ethanol SCC;
at the completion of the test, the specimens were inspected for cracking (Figure 53). In addition,
a fracture mechanics compact tension specimen with an instrumented bolt was exposed as an
online corrosion monitoring method for ethanol SCC (Figure 54). This specimen was used to
assess the possibility of implementing such a system for real-time SCC monitoring.

8.4.2 Environment Exposure

The corrosion test protocol is shown in Table 22. Similar to Task 2.1, the experiment was
conducted in a 5 liter Nalgene tank filled with approximately 2 liters of SFGE solution. The
experimental setup is shown in Figure 55; the U-bend specimens are also visible in the tank in
the upper right.

Figure 52. Metal Samples electrical resistance probe (left) and Honeywell linear
polarization resistance probe (right).
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Figure 53. Bolt loaded and plastically deformed U-bend specimens for ethanol SCC testing.

Figure 54. Fracture mechanics compact tension specimen with instrumented bolt used for
evaluation of online measurements of ethanol SCC.
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Figure 55. Corrosion monitoring experimental setup

Table 22. Experimental schedule for corrosion monitoring

Event Duration
FGE w/ 10 ppm C1 (0.7% H,0)

week1
Month 1 week?2 30

week3

week4

FGE w/ 40 ppm Cl (0.7% H,0)

week1
Month 2 week?2 30

week3

week4
Add H20, FGE w/ 40 ppm ClI (2.0% H,0)
week1 14
week2
Add H20, FGE w/ 40 ppm CI (10% H,0)
week1 14

week2

Month 3

8.5 Results

8.5.1 [Initial corrosion rate investigation — Microcor ER probe

An initial investigation of corrosion rates in ethanol solution was conducted using a demo
version of an ER probe provided by a probe manufacturer for evaluation. The Super ER probe
(Microcor) for the preliminary experiments was provided by Rohrbach Cosasco Systems (RCS).
A five-day monitoring of the corrosion rates in the SFGE solution using the ER probe was
conducted in stages to determine the influence of various parameters (methanol/acetic acid
addition, N, purge / O, purge, chloride addition, water addition). A flush-mount ER probe with
carbon steel element along with the monitoring station was provided by RCS for the corrosion
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monitoring. The corrosion monitoring using the ER probe was initially conducted in the SFGE
solution without any additives. Other additives were to the SFGE solution were made in stages as
described in Table 23.

Table 23. Microcor ER probe corrosion monitoring protocol

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9
Day 1: Day 1: Day 2: Day 2: Day 3: Day 4: Day 4: Day 5: Addition |Day 5:
Reagent Start Addition of Switch gas Addition of Addition of |Addition of |of 1% water Addition of
Grade purge of |methanol and |purge to sodium 0.7% water |0.3% water |(total 2% 8% water
EtOH EtOH acetic acid to |breathing air |chloride (continuous |(total 1% water) (total 10%
solution in |[solution test solution |(continuous |(continuous aeration) water) (continuous water)
static with N2 w/ N2 purge |aeration) aeration) (continuous |aeration) (continuous
condition aeration) aeration)
Duration: 6 |Duration: |Duration: 6 Duration: 24 |Duration: 6 Duration: 6 |Duration: 6 |Duration: 3 Duration: 3
Hours 6 Hours Hours Hours Hours Hours Hours Hours Hours

0732 T.19 mpy
0731 A STAGE®
0.73 1 i
= 0 ATy STAGE 8
= 0729 _éT aGEs  STAGET
E STAGE S
a STAGE 2 STAGE 3 STAGE 4
o 0727 N
:I 0726 4103 mpy|
.E 0798 STAGE 1
= ]
0.724
0723 -
0722 . : : : : : : :
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Figure 56. Corrosion rate vs. time (hrs) Microcor ER probe.

As seen from Figure 56, no major changes in the mass loss corrosion rate were observed after the
onset of steady state corrosion during stages 3 through 7. The initial corrosion rate (Stage 1) was
about 1 mpy that decreased to 0.6 mpy (Stage 2) and then stayed between 0.1 to 0.25 mpy
through Stage 6. A higher corrosion rate of about 7 mpy was observed at stage 9 when the
maximum amount of water (total of 10%) was added to the test solution. The corrosion rates
computed for each stage of the monitoring are shown in Figure 56 and tabulated in Table 24. As
seen from Table 24, a maximum corrosion rate of 7.19 mpy was observed for stage 9, when the
total water concentration in the system was increased to 10%. A time averaged corrosion rate of
about 0.7 mpy was observed during the 5-day monitoring period.
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Table 24. Corrosion rate calculation results

Stage Corrosion Rate Description of Stages

Stage 1 1.03 mpy Reagent EtOh (Static)

Stage 2 0.63 mpy Reagent EtOh (N, Purge)

Stage 3 0.13 mpy Addition of Methanol and Acetic Acid
Stage 4 0.25 mpy Switch gas to BA purge

Stage 5 0.19 mpy Addition of NaCl

Stage 6 0.18 mpy Addition of 0.7% Water

Stage 7 0.52 mpy Addition of 0.3% Water (total 1%)
Stage 8 2.13 mpy Addition of 1% Water (total 2%)
Stage 9 7.19 mpy Addition of 8% Water (total 10%)

8.5.2 Honeywell and Metal Samples corrosion probes

8.5.2.1 Honeywell LPR Probe Measurements in SFGE Solutions

1.10
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As shown Figure 57, the solution initially had a chloride concentration of 10 ppm before the
increase to 40 ppm chloride. However, with the initial 10 ppm concentration, the Honeywell
LPR probe was unable to obtain a corrosion rate reading. This situation was likely related to the
very low conductivity of the 10 ppm chloride laboratory-prepared SFGE solution. The low
solution conductivity also manifested in an inability for the equipment to make a valid B value
measurement during this time period (B value is also called the Stern Geary factor, derived from
the real-time measurement of the anodic and cathodic Tafel slopes by this instrument and used to
adjust the LPR). Figure 58 and Figure 59 show the raw B value readings and filtered (valid) B
value results, respectively. This situation was not observed in previous monitoring work in field
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Figure 57. Corrosion rate vs. time (Honeywell LPR probe)

FGE monitoring studies likely because of the larger electrode size used in that effort.
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Throughout the 40 ppm chloride portion of the test, the corrosion rate was generally stable at less
than 0.1 mpy up until the addition of water to 10%, likely resulting from the higher solution
conductivity during this portion of the test exposure. However, it was noted that the recorded B
value was only valid for a limited portion of this period. Once 10% water was imposed, the
corrosion rate increased significantly in stages to 0.5 mpy and up to 1.0 mpy. The B value during
this period was valid and ranged from 10 mV to 30 mV and, at higher water contents, was
between 20 and 30 mV that was around the 26 mV used as a default value commonly used in
field corrosion monitoring equipment.

Subsequently, the corrosion rate decreased back to 0.5 mpy after returning the solution to the
“month two” recipe of 40 ppm chloride and a water concentration of 0.7% (a previously
unplanned step); the B value during this final stage was valid and stable at approximately 13 mV.
The default B value for the displayed corrosion rate was 26 mV; this value was used for all
calculated corrosion rates despite the recorded B value.
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Figure 58. Raw B value readings vs. time (Honeywell LPR probe)
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Figure 59. Filtered Results for B value vs. time (Honeywell LPR probe) showing results for
periods of valid readings only.

As shown in Figure 60, the pitting factor (defined as the standard deviation of the corrosion
current divided by the average corrosion current; values of >0.1 indicate a tendency for pitting
due to highly fluctuating corrosion current) showed an inverse trend versus the corrosion rate
(shown in Figure 57). As the general corrosion rate increased, the pitting factor decreased. This
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result was expected as increasing general corrosion rates generally indicate a decrease in
localized corrosion activity.
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Figure 60. Pitting factor vs. time (Honeywell LPR probe)

8.5.2.2 Metal Samples ER Probe Measurements in SFGE Solutions

The electrical resistance probe from Metal Samples was stable at very low corrosion rates
(approximately 0.14 mpy) throughout the entire duration of the test until the water was increased
to 10%. After that time, the corrosion rate increased slightly to 0.18 mpy which was significantly
lower than the near 1 mpy corrosion rates measured by the LPR probe during this period (See
Figure 61). The response of both the ER and LPR probes were slightly delayed after the addition
of water. Accelerated corrosion rates were observed as well as a more dramatic decrease in load
of the compact tension specimen (see discussion below).
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Figure 61. Corrosion rate vs. time (Metal Samples ER probe)
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8.5.3 Online / Offline Monitoring of Ethanol SCC

8.5.3.1 Online Instrumented Bolt Compact Tension Specimen
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Figure 62. Compact tension specimen load (load vs. time).

This evaluation included an attempt to perform online monitoring of ethanol SCC using an
instrumented bolt compact tension fracture mechanics specimen. The load in the specimen was
measured by the strain gauge in the instrumented bolt thus providing a method to monitor crack
growth versus time.

After an initial period of rising load, it followed a downward trend as seen in Figure 62. The rate
of the load decrease increased after adding water to increase the water level to 10%. Typically, a
decrease in bolt load would be associated with SCC crack growth over time in the compact
tension specimen which should cause a relaxation in stress on the bolt. However, as can be seen
by the right-most arrow in Figure 62, a decrease in load persisted even after the specimen was
removed from the SFGE.

The compact tension specimen is shown post-test in Figure 63. It exhibited staining and surface
pitting that mostly occurred during the period of time with high water content near the end of the
test. The team performed further analysis to see if the load decrease was associated with crack
growth. The procedure involved cooling the specimen in liquid nitrogen and breaking-open the
crack in the compact tension specimen and determining the extent of crack propagation beyond
the initial starter crack (i.e. a fatigue precrack). However, no crack extension by ethanol SCC
was observed. The apparent loss in bolt load measured was likely due to the attack of the ethanol
solution on the potting compound in the instrumented bolt and/or strain gauge adhesive.
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Figure 63. Instrumented compact-tension specimen post-test.

8.5.3.2 Oftline U-bend Specimens

Offline monitoring of ethanol SCC was also attempted using U-bend specimens which are shown
below in Figure 64 after exposure but before cleaning and inspection. These specimens were
exposed for a total of 5 months, but with most of the corrosion observed in the final (high water)
portion of the experiment. Upon completion of the test, these specimens were unstressed, cleaned
and inspected for cracks (see Figure 64). They were then bent in a vise to open any ethanol SCC
cracks and to assess cracking (See Figure 65). However, after the exposure period, no cracks
were observed in any of the U-bend specimens. These results are not totally unexpected since
statically stressed SCC specimens (e.g. laboratory tensile specimens as well as laboratory and
field exposed U-bend specimens) have not been found to reliably initiate ethanol SCC in
previous research studies. These specimens were made with extreme weld concentrations and
included mill scaled surfaces in an attempt to induce ethanol SCC. However, these techniques
were not successful.
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Figure 65. U-bends specimens post-test, after cleaning and cracking inspection

8.6 Key Findings

8.6.1

1.

8.6.2

Super ER Probe:

This probe was used to measure the corrosion rate while changing the chemical
composition of the SFGE. The corrosion rate did not change significantly based on purge
type, chloride concentration or chemical additions for a majority of the test.

The only significant increase in corrosion rate (up to 7.2 mpy) occurred once water
content was increased to a total of 10%.

LPR probe:

. No LPR corrosion rate measurements could be made in the laboratory prepared SFGE

solution at 10 ppm chloride. Based on previous studies, this limitation did not appear to
prevent field measurements likely as large electrodes were used in that case. Valid LPR
corrosion rates were obtained in SFGE solutions with 40 ppm chloride as a result of the
higher solution conductivity.

The LPR probe displayed low corrosion rates (< 0.1 mpy) until an increase in water
content to a total of 10% at which point corrosion rates were measured in the range of 0.5
to slightly in excess of 1 mpy.

While the corrosion rate responded to purge type (breathing air or nitrogen), the corrosion
rate was never higher than 0.1 mpy during the period of low water content per conditions
defined in ASTM D4806 for FGE.

The pitting factor decreased as corrosion rate increased; as the general corrosion rate
increased, the localized corrosion tendencies decreased.

During periods of valid B value measurement, readings varied from 10 to 30 mV and in
the higher water solutions varied from 20 to 30 mV. Therefore, the measured B values
were in the range of the standard 26 mV default value commonly used for field LPR
corrosion rate measurements.
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8.6.3

1.

8.6.4

8.6.5

ER probe:

Very little change in corrosion rate was observed under all conditions (low and high
water). Reported corrosion rates for these conditions never exceeded 0.18 mpy even after
increasing the water content to 10%. ER corrosion rate values were less than those obtain
by either LPR or Super ER corrosion probes.

U-bend and compact tension corrosion specimens:

U-bend specimens were used as an offline technique for monitoring SCC. However, no
evidence of ethanol SCC was observed after nearly 5 months of exposure. These results
corroborate earlier studies that indicated unreliable or no crack initiation in statically
stressed SCC specimens (tensiles and U-bends).

The instrumented bolt CT specimen was used as an online method of assessing SCC. The
CT specimen load decreased steadily over time; this trend was not attributed to ethanol
SCC, but was likely related to deterioration of the instrumented bolt strain gauge
assembly in the SFGE solution.

Neither method of offline or online ethanol SCC detection produced results that were
conducive to direct assessment of ethanol SCC in a field pipeline setting. The team
recommends investigating further developments or testing options compatible with FGE.

General conclusions.:

All corrosion probes responded greatly to increasing water concentration as evident by
significant increases in corrosion rate for all probes after that time. However, in SFGE
solution within ASTM D4806 specification (10 ppm chloride and 1% water maximum)
corrosion rates were very low (typically around 0.1 to 0.2 mpy) which made corrosion
rate measurements difficult. The higher corrosion rates observed with Super ER and LPR
probes (1 to 7 mpy) in higher water SFGE solutions suggest that corrosion probes could
be used to detect upset conditions involving increased water content in FGE and other
conditions that result in corrosion rates in excess of 1 mpy.

Considering results from all probes, other than water concentration outside the limits
defined by ASTM D4806 for FGE, corrosion rates were largely independent of factors
(e.g. chloride level, deaeration/aeration condition) investigated in this study.
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9 Task 2.3a: Standardization of SCC Test Methods
9.1 Objective

Test methods for assessment of ethanol SCC have focused on use of a slow strain rate (SSR)
techniques for rapid evaluation and screening FGE for ethanol SCC susceptibility. This task
supported the development of an industry-wide standard using a consensus of best available
practices. It also facilitated a discussion on the inclusion of optional methods for alternative
specimen types, examination of threshold stresses, fracture mechanics techniques, cyclic testing,
round robin testing, and methods compatible with field testing and monitoring purposes to the
extent possible in the industry-wide, consensus standardization process.

9.2 Approach

Needs for ethanol SCC testing on a more routine basis have developed and include: (a)
performing routine evaluations for ethanol SCC severity of different FGE compositions and
ethanolic fuel blends, and susceptibility of various steel compositions and welding techniques,
and (b) use of stressed coupons for field testing and monitoring applications (See Task 2.2
herein). Task 2.3a aimed to gather the experience around successful/unsuccessful test and
evaluation methods for ethanol SCC and produced an accelerated path to an industry accepted
standard document for ethanol SCC testing procedures. The vast majority of SCC testing to date
has been performed in only a few research laboratories doing work funded by API, PRCI and
USDOT-PHMSA.

At the time this program started, the increasing interest in ethanol SCC from both research and
commercial applications resulted in new organizations becoming involved in SCC testing.
Therefore, it was critical that a standard approach to testing be developed that could provide a
reference to both new and existing users. The importance of standardized ethanol SCC testing
methods was highlighted by the emphasis it received in the “Research Roadmap Related to Safe
and Reliable Transportation of Ethanol in Pipelines and Storage” developed by PRCI.

9.3 Task Description

Task 2.3a produced an accelerated path to a standard test method for ethanol SCC testing
procedures. This effort was channeled through the NACE International technical committee
structure for broader industry input, review, and standardization. It also involved the initiation of
a round robin test program based on the newly standardized NACE TMO111. This round robin
test program is currently in progress and involves several laboratories and a survey of testing
procedures commonly used by the round robin testing participants.

9.4 Methods & Procedures

This task initiated with a series of primary teleconferences and meetings with an international
group of specialists involved in ethanol SCC from academia, contract testing and research
institutions, and pipeline operators. Through this process, a rudimentary test method document
was developed for evaluation of ethanol SCC. Later, this draft test method document was
submitted to NACE International for further review, development and eventual standardization.
This process involved NACE TG 387 whose initial charge was “to develop a standard on
corrosion and degradation issues for transportation and storage of biofuels”. This task group
operated under NACE Technology Management Group: C2 — Corrosion Prevention and Control
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for Pipelines and Tanks, Industrial Water Treating and Building Systems, and Cathodic
Protection Technology.

9.5 Results

With the increasing interest in ethanol SCC in research and commercial applications, the needs
for laboratory testing for this form of SCC continues to expand. These needs include performing
routine evaluations of FGE from various source materials (corn, sugar cane, sugar beets, brewing
waste and other agricultural products) and ethanol fuel blends (and pipeline transmixes) for
severity of ethanol SCC, as well as, testing of steel compositions, welding techniques, and
surface treatments and chemical additives designed to mitigate ethanol SCC. Using this
experience as a background, Task 2.3a accomplished the following:
e Documented experience of successful/unsuccessful evaluation methods for ethanol SCC.
e Reviewed the test methods viable for standardization.
e Developed an industry standard test method for laboratory evaluation of ethanol SCC.
e Assisted in the organization of an ethanol SCC SSR round-robin testing program with
results to be available for presentation at NACE in March 2013 and publication
thereafter.

9.5.1 Successful/Unsuccessful Evaluation Methods for ethanol SCC

The vast majority of test data developed thus far on ethanol SCC of steel has been generated
using SSR techniques. Initial SSR investigations®**>*° used methods that employed smooth
(non-notched) specimens and dynamic loading that provided monotonically increasing strain-to-
failure. They were generally conducted per procedures cited in a generic standard for SSR testing
(ASTM G129°") not focused on ethanol SCC. The SSR tests in the studies referenced above were
conducted in ethanolic media and proved effective in generating SCC failures. These laboratory
test failures were, from a phenomenon standpoint, similar to field failures manifested in steel
equipment used to handle and FGE. SSR tests performed in FGE or SFGE (synthetic ethanolic
solutions) also generated UTS and plastic elongation (PE) data that, when normalized to similar
tests performed in laboratory air (an inert environment), provided a measure of susceptibility to
ethanol SCC (e.g. low ratio values of UTS and PE related to conditions of high ethanol SCC
susceptibility). Later, in an effort, to reduce test scatter, researchers employed notched specimens
and continue to use them extensively in ethanol SCC evaluations (See Ref. 35 above). Extension
rates used in these SSR tests ranged from 1x10 in/s for smooth specimens to 4x107 in/s for
notched specimens resulting in tests with durations of about between 1-3 days.

¥ R.D. Kane et.al., Stress Corrosion Cracking of Carbon Steel in Fuel-Grade Ethanol: Review, Experience Survey,
Field Monitoring, and Laboratory Testing, API Technical Report 939D, Part I, American Petroleum Institute,
Washington D.C. 2007.

35 N. Sridhar et.al., Stress Corrosion Cracking of Carbon Steel in Fuel-Grade Ethanol: Review, Experience Survey,
Field Monitoring, and Laboratory Testing, API Technical Report 939D, Part 111, American Petroleum Institute,
Washington D.C. 2007.

3% M.P.H. Brongers et.al., Stress Corrosion Cracking of Carbon Steel in Fuel-Grade Ethanol: Review, Experience
Survey, Field Monitoring, and Laboratory Testing, API Technical Report 939D, Part IV, American Petroleum
Institute, Washington D.C. 2007.

37.G 129, Standard Practice for Slow Strain Rate Testing to Evaluate the Susceptibility of Metallic Materials to
Environmentally Assisted Cracking, ASTM International, West Conshohocken, PA, 2006.
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Test conditions used for SCC testing of steels in ethanol environments (e.g. either field FGE
samples, synthetic ethanol mixtures and gasoline-ethanol blends) that reveal susceptibility to
ethanol SCC commonly showed SSR tensile strength and elongation in the environment that
were 60 to 80 percent of the corresponding values determined in air for pipeline steels and still
lower SSR ratios for common constructional steels used for piping and tanks in ethanol handling
and storage facilities that experienced leaks and failures in service. Notch radius has been shown
to be one factor that may affect test results.”® Crack growth rates determined from smooth and
notched specimens tend to be in the range of 1 to 6x10° in./s.***°

Recently, in an attempt to remove the complications of conventional SSR testing (i.e. straining to
failure) and achieve stress/strain conditions closer to that in actual steel equipment, modified
SSR tests were conducted. These ethanol SCC tests were performed using cyclic SSR loading
(up to 100 cycles). These specimens were stressed to levels approaching the yield strength of the
steel and involved cyclic loading of +10 percent of the mean stress. None of these specimens
showed susceptibility to ethanol SCC despite the fact that conventional (strain-to-failure) SSR
tests were able to produce ethanol SCC. These results suggest that an additional factor, such as
plastic strain or cycle frequency may be critical for initiation of ethanol SCC in steels.*'

At the same time, laboratory and field tests* were performed using statically loaded specimens
using a variety of specimen configurations with exposures from 1-12 months. They included: (a)
conventional uniaxial tension, (b) tension specimens with tapered gage section, (c) U-bend
specimens, (d) U-bend specimens with welds, (e) self-stressed plate and pipe specimens with
residual stresses from welding. In the vast majority of these cases (with only minor exceptions),
these statically stressed specimens failed to initiate ethanol SCC in similar grades of steel that
failed in service due to ethanol SCC. In the two cases where ethanol SCC was observed, it
involved use of welded and plastically deformed U-bend specimens made with a coarse weld
bead that produced significant stress concentration. The majority of the specimen surface was
also covered with mill scale except around the weld bead.

Fracture mechanics test techniques have been used for evaluation for ethanol SCC. These tests
generally employed compact tension specimens with either wedge loading or cyclic loading
using a testing machine.* Initial K values used for loading were in the range of 35-65 ksiVin on
steels that characteristically had K¢, values in air of 100 ksiVin. In most cases, ethanol SCC crack

* E. Trillo, “Ethanol SCC Studies — Composition, Round Robin and Statistical Design Matrix Testing”, presented at
American Petroleum Institute, Refining Committee Task Group on ethanol SCC”, Seattle, Washington, May, 2011.
% A. Venkatesh, “Evaluation of Stress Corrosion Cracking Behavior of Steel in Multiple Ethanol Environments”,
Paper No 10077, Corrosion 2010, NACE International, Houston, Texas, 2010.

WA, Beavers, et.al., “Prevention of Internal SCC In Ethanol Pipelines, Paper No. 081535, Corrosion 2008, NACE
International, Houston, Texas, 2008.

1 A. Venkatesh and M. Yunovich, “Ethanol SCC Research on PWHT Effects and Threshold Stress Determination”,
API Technical Report 939D (2011 update), American Petroleum Institute, Washington D.C. (in publication).

2 R.D. Kane et.al., Stress Corrosion Cracking of Carbon Steel in Fuel-Grade Ethanol: Review, Experience Survey,
Field Monitoring, and Laboratory Testing, API Technical Report 939D, Part II, American Petroleum Institute,
Washington D.C. 2007.

“DR. Mclntyre, et.al., “SCC Behavior of Steel in Fuel Ethanol and Butanol”, Paper No. 09530, Corrosion 2009,
NACE International, Houston, Texas, 2009.
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initiation was observed and in some cases crack growth rates were measured using compliance
measurements, visual examination and potential drop techniques.

A novel analysis of the notched SSR test was developed for application to ethanol SCC
evaluation of steels.** This technique involved use of strain energy calculations around the notch
that allows the determination of the Kjscc for ethanol SCC initiation. While this technique is not
a replacement for conventional fracture mechanics test methods, it has been effective in ranking
exposure conditions for susceptibility of steels to ethanol SCC and in many cases, values of
Kiscc have correlated well with conventional techniques.

9.5.2 Ethanol SCC Testing Methods Viable for Standardization

Based on the review presented above, it can be said with certainty that the test methods, thus far,
employed for ethanol SCC evaluation that best provide for a reproducible and consistent ethanol
SCC response in constructional steels (piping and plate) are conventional (notched and non-
notched) SSR and fracture mechanics techniques.

The conditions inherent in these two testing techniques that generally provide initiation of
ethanol SCC appear to be a combination of the following attributes:

e High stress or initial K value that results in loading above the material yield strength

e Slow dynamic plastic straining (or time dependent anelastic behavior)

e Severe general or localized plastic deformation.

Other methods, such as those commonly used in statically stressed specimens (e.g. tension, C-
ring, U-bend specimens), have not resulted in reproducible initiation of ethanol SCC under
laboratory or field conditions.

Standardization of an ethanol SCC test method focused on a simple, reliable and reproducible
technique that can:
e Readily initiate SCC under test conditions that have also caused field failures
e Show reduced susceptibility under lesser conditions, and
e Provide a relative (rather than absolute) indication of ethanol SCC severity and/or
susceptibility.

Both SSR testing and fracture mechanics testing both show reasonable accuracy and reliability
for ethanol SCC initiation where expected. However, fracture mechanics testing involves much
more complicated techniques particularly in terms of analysis of the data. In some cases, the
actual procedures and equipment needed for testing and crack growth monitoring is also quite
involved. In contrast to fracture mechanics testing, the SSR technique testing utilizes a relatively
simple tensile test specimen and the simple application of a uniaxial tensile load accomplished
with slow straining of the test specimen. Furthermore, the data analysis is simple involving the
comparison of environment to air test data to derive a ratio of performance using based on

* A. Venkatesh and R.D. Kane, “Fracture Analysis of Slow-Strain-Rate Test for Stress Corrosion Cracking”, Paper
No. 09296, Corrosion 2009, NACE International, Houston, Texas, 2009.
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parameters commonly determined from tension tests (e.g. tensile strength, elongation, reduction
in area).

It is acknowledged that testing with statically loaded specimens would be simpler than for either
of the above mentioned procedures and these specimens better lend themselves to self-stressing
for lab and field use. However, statically stressed specimens have not been shown to provide
accurate and reliable initiation of ethanol SCC under severe laboratory conditions or in the field
over extended periods of time in actual FGE systems where prior equipment and/or piping
failures were reported.

Based on the aforementioned analysis, it was the consensus of the group involved in the initial
direction of this effort to pursue industry standardization of the SSR test method for assessment
of ethanol SCC.

Both smooth and notched SSR specimens appear to have advantages in particular situations and
therefore were eventually included. For example, evaluation of steel for ethanol SCC in a wide
variety of laboratory and field environments appears to favor the use of notched SSR specimen
for reasons of reproducibility within particular testing laboratories. However, there is still some
concern that notched specimen geometries can vary between laboratories due to differences in
machining procedures. Alternatively, when testing the influence of surface treatments or
chemical additives on ethanol SCC, there has been some experience has suggests smooth
specimens tend to provide better results in terms of gradation in response to these modifying
agents particularly after initiation of cracking.

9.5.3 Development of an Industry Ethanol SCC Test Method Standard

At the start of this effort, a draft test method document was developed by a group of interested
parties at Honeywell, iCorrosion, Southwest Research Institute and Petrobras (in Brazil). The
draft document was based on SSR methods that were utilized in sponsored research on ethanol
SCC of steels. This research was performed through industrial contract testing, association
sponsored projects (API and PRCI), and government programs (USDOT-PHMSA). The draft
test method included the following aspects:
e Use of SSR method with a notched tension specimen
e Specification of a synthetic ethanol solution to produce ethanol SCC
e Procedures for mixing and handling ethanol solutions to control ingress of ambient
moisture and purging of solutions with test gases for aeration and deaeration
e Test procedures for conducting the SSR test, parameters to be monitor, and procedures
for analysis of the test data.

The group submitted the draft test method document to NACE International Task Group TG 387
for consideration for standardization. Two teleconferences were held with interested parties prior
to the first meeting of NACE TG 387. Comments were provided on this initial draft document
and this information was used to modify and enhance the document before it was formally sent
for ballot by NACE. The input provided was to include the following changes:

e Provisions to allow the use of both smooth and notched tension specimens depending on

the nature of the user’s intended evaluation.
e More detailed specifications for machining a sharp notch in the test specimen
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Sampling procedures for obtaining field samples of FGE or ethanol-fuel blends
Procedures for monitoring of electrochemical potential of the test solution during the test
and cautions to be taken to minimize leakage of chloride into the test environment.

Use of SEM for post-test examination of the test specimens

Scope of the document (testing of steels versus other alloys)

Based on these discussions, the group revised the draft ethanol SCC test method document and
formally submitted it to NACE for balloting. In 2009, it was balloted by NACE and was
distributed to members of several NACE Specific Technology Groups (STGs) including:

STG 34 — Petroleum Refining and Gas Processing

STG 35 — Pipelines, Tanks, and Well Casings

STG 36 — Process Industry—Materials Performance in Chemicals

STG 38 — Process Industry—Pulp, Paper, and Biomass Conversion

STG 44 — Marine Corrosion: Ships and Structures

STG 61 — Inhibition—Corrosion and Scaling

STG 62 — Corrosion Monitoring and Measurement—Science and Engineering
Applications

The ballot was closed in early 2010 and the test method passed with the necessary number of
votes; however, there were two negative votes. In addition, comments were received from other
balloters, some on technical matters requiring a second round of balloting while others were
editorial in nature. A summary of the negatives and comments is shown in
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Table 25.

The NACE Reference Publications Committee (RPC) reviewed the draft document after these
changes were made. RPC review resulted in mostly editorial changes as indicated below:
e The title of the test method needed clarification to be consistent with the documents
scope.
e Need to include metric units for the test specimen and reconcile text with the figure
showing the test specimen geometry.
e Section 5 (Test Equipment) needed to come before Section 4 (Baseline Properties)
e Uses of “should” and “shall” needed further review.
e Section 8 —questions were made regarding the procedure for transfer of solution under
“anaerobic conditions” — which should be “exclusion of ambient air using the test gas”.

Several changes were made to the draft test method that improved its accuracy and clarified the
intent and scope of the document. It was agreed that the procedures cited in the test method were
intended to be based on the techniques developed for the purpose of evaluating carbon steels for
ethanol SCC. However, the test method, with updates, may serve as a basis for testing other
types of steels and materials for susceptibility to SCC in ethanol environments and may also
serve as a basis for testing various materials for SCC in other alcoholic environments (e.g.,
methanol and butanol).

Furthermore, the team agreed that the test method related to the evaluation of SCC that may be
observed in equipment involved in handling, storage, and transportation of ethanol environments
(FGE and FGE-fuel blends), which primarily includes steel storage tanks, piping and pipeline
system components. They also modified the scope of this test method to include research related
to include the effects of environmental or metallurgical variables on susceptibility to ethanol
SCC. Therefore, field samples of FGE and FGE-fuel blends obtained from service as well as
synthetic ethanol solutions prepared in the laboratory may be used with this test method.
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Table 25. Comments and Action Related to First NACE Ballot of Ethanol SCC Test

Method.
Comment Voters Response Comment Action
Type

Technical Affirmative Paragraph 9.1 — clarify results Editorial Change made.
from environment tests with
notched specimens should be
normalized to air tests.

Editorial Affirmative Change “unnotched” to “non- Editorial Change made.
notched”

Technical Affirmative Is test method applicable to No action. Comment not
impressed current systems? applicable for laboratory

testing.

Technical Affirmative Comment related to external CP | No action. Comment not
system applicable for laboratory

testing

Technical Affirmative Request modification to Section | Action: Inclusion of reference
5 and 8 for electrochemical and revised word for effect of
monitoring and cautions. Cited | chloride leaching from
reference. reference electrode.

Technical Affirmative Request reconsideration of Action: Made change in
chloride content of suggested suggested solution from (5
baseline solution. Increase to ppm) to old maximum level
higher level. (40 ppm) in ASTM D4806

since SSR test data show more
severe cracking at higher
chloride level.

Editorial Affirmative No mention of safety issues No action.

Technical Negative Extension rate used in SSR test | Action: Extension rate used is
should be stated in the test specific to specimen type, but
results was included in reported data.

Technical Negative Need consistency between this | Action. Review and change as
SSR standard test method and needed. Where possible this
other NACE SSR standard will be done; however, since
(TMO0198) for corrosion ethanol SCC in steel is
resistant alloy (CRA) different than SCC in CRAs,
evaluation. this is not mandatory.

Technical Affirmative Is use of SEM optional? Action: include its use for

conditions of borderline
susceptibility to ethanol SCC

Technical Affirmative Re-consider existing notch Action: keep as is at: 75 pm +
radius limits 25 um

In addition to the abovementioned scope changes, an improved description of the test specimen
was developed. This description is shown in Figure 66 and Table 26.
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Figure 66. SSR test specimen geometry.

After the changes were made based on the first NACE ballot and the RPC review, a second
ballot was distributed to the same NACE STGs as used in the first ballot. As a result of the
second ballot, the document successfully passed and was ratified as NACE TMO111 by the
NACE Board of Directors at their March 2011 meeting. The NACE TMO111 standard test
method for evaluation of carbon steels for ethanol SCC was published in April 2011.

Table 26. Dimensions of standard ethanol SCC specimen

Dimension Size -
Imim in

L1 254 1.00
L2 HWS* WS
]| 3.81+0.05 0150 + 0.002
D2 £.35+ 0.05 0250 + 0.002
D3 3.30 + 0.025 0130 + 0.001
R1 £.35 min. 0.250 min.
R2 0.075 + D.025 0003 + 0.001
a 60 = 0.5 degrees

NS- Not specified

9.5.4 Considerations for a SSR Round-Robin Testing Program

After standardization, NACE TG 387 had discussions regarding the possibility of having the task
group conduct a round robin test program, if there is sufficient interest. The goal of this effort
would be to define the scatter of the SSR test results (for non-notched and notched specimens)
and the reproducibility of SSR test data among various testing laboratories. Discussions were
underway with the task group for over a year to see if there is adequate support from laboratories
that conduct ethanol SCC tests to participate while the task group was undergoing restructuring.

Recently, a survey was taken and a total of five laboratories indicated their interest in
participation. These laboratories agreed to machine a total of three smooth and three notched
tension specimens using methods given in NACE TMO111. These specimens will be made from
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common steel stock that has now been supplied by Honeywell from a pipeline material received
in this program.

The laboratories are performing both environment and air tests per the NACE TMO111
procedures (one air test and two environment tests for both non-notched and notched specimens)
for a total of six tests per laboratory. The laboratories must report both raw tensile strength and
elongation data for the air and environment tests and the normalize the data from the
environment tests with respect to the air test data as defined in NACE TMO111. The tentative
schedule for this work is to complete SSR testing in the participating laboratories by March
2013.

Following receipt of the raw data and survey responses, engineers will statistically analyze the
round robin test data and summarize it in a subsequent report to the NACE task group (with the
names of individual laboratory remaining anonymous) and submitted for presentation at a NACE
conference paper when the review and analysis are complete. The results will also be reviewed
for consideration of any actions that might be required to further enhance the procedures given in
the NACE TMO111 standard test method.

A review session is planned with round robin test participants at the upcoming NACE Task
Group meeting in September 2012 with the initial data available for presentation at NACE
Corrosion Annual Conference in March 2013. The earliest likely date that a paper could be
presented to disseminate the results of this task is expected to be early 2014.

9.6 Key Findings

1. An industry accepted standard ethanol SCC test method has been created through NACE
International. This document is NACE TMO111 [Slow Strain Rate Test Method for
Evaluation of Ethanol Stress Corrosion Cracking in Carbon Steels].

2. A round robin ethanol SCC testing program has been initiated using a steel pipe material
from this program provided by Honeywell.

3. The data from the round robin testing program should be available for review and
analysis in early 2013 and a technical paper covering this work to be presented in early
2014.
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10 Task 2.3b: Roadmap for Industry Guidelines for Safe and
Reliable Pipeline Handling of FGE

10.1 Objective

This task assessed the available information from PRCI and API on ethanol SCC and handling of
alcoholic media in pipelines. It also reviewed sources of publicly available information through
technical reports, publications, standards and guidelines as well as API survey information on
pipeline transportation of other SCC agents, survey publications on handling of external pipeline
SCC and identify similarities or differences in how to handle internal SCC agents such as FGE.

10.2 Approach

This task included extensive discussions with pipeline industry personnel about needs for
guidelines for ethanol SCC in the pipeline industry from which a detailed outline for the initial
version of these guidelines was based. Experience gained through the recent API 939E
standardization effort for ethanol SCC guidelines for FGE handling and storage facilities was
included. Also consideration was given to the possibilities to collaborate on a joint pipeline and
facilities document based on API 939E that would include the needs of the pipeline industry for
ethanol SCC guidelines.

10.3 Task Description

This task identified and provided (a) a review of available information that supports the pipeline
industry guidelines for ethanol SCC, (b) identified the gaps in technology and (c) description of a
path forward and content of a standard for safe and reliable pipeline handling of FGE and
ethanol-containing fuel blends. It also provided a recommendation for the scope of the initial
effort realizing that all the required information for a comprehensive document is presently not
available, but may be available as a result of planned work or work currently in progress. The
results of this task involved a report including the following items: (a) listing of resource
information, (b) applicable industry standards to be included, (c) an expanded outline of the
proposed standard and (d) suggested path and timeline for standardization.

10.4 Methods & Procedures

10.4.1 Background

The U. S. Government, through the Department of Energy (DOE) is involved in an ongoing
program to expand the use of alternatives to gasoline and diesel fuels. Denatured ethanol (ethyl
alcohol) is of particular interest because of its increasing use as a fuel additive to fight air
pollution from internal combustion motor vehicles and because it is a renewable and domestic
fuel source.

An assessment and gap analysis of the needs of the pipeline industry related to safe and reliable
handling and transportation of ethanol in pipelines and storage was performed in 2008 under
PRCI contract PR-313-084503. A particular need cited in this study was the development of
practical guidelines for prevention of ethanol SCC.

Task 2.3b in this funded effort focused on assessment of the available information from PRCI,
API and other sources on ethanol SCC and handling of ethanolic media in pipelines. The
assessment was conducted through reviewing sources of publically available information such as
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technical reports, publications, standards and guidelines. The principal goal of this task was to
develop a roadmap for the development of pipeline industry guidelines for safe and reliable
pipeline handling and storage of fuel grade ethanol (FGE) and ethanol fuel blends that will help
mitigate ethanol SCC.

Most importantly in terms of jump-starting the aforementioned effort in guidelines development,
Honeywell identified a particular document that was developed just prior to the initiation of this
task. It is API Bulletin 939E - Identification, Repair, and Mitigation of Cracking of Steel
Equipment in Fuel Ethanol Service (The API 939E table of contents is provided in Appendix K).
This document was developed by the API Refining Committee Task Group on Ethanol SCC.
While this document addresses the downstream storage and fuel blending of FGE and associated
tanks, piping and equipment, it is believed that this document can serve as a major steppingstone
for developing ethanol SCC guidelines for pipeline operations.

In October 2008, at a follow-up USDOT/PHMSA-sponsored ethanol road mapping meeting was
convened at DVN in Columbus, Ohio, where eSCC guidelines for pipelines were discussed. It
was the consensus of the attendees at this meeting that activities involving ethanol SCC
guidelines development be handled by API committees. A representative from API staff at the
meeting suggested that the pipeline and refinery groups within API pool their efforts rather than
produce two separate sets of guidelines: one for storage and blending facilities and one for
pipelines. The opinion was voiced that such a combined effort would (a) take advantage of the
substantial effort expended to pool existing information on ethanol SCC in the development of
API 939E, (b) minimize the effort needed to issue, administer and update separate ethanol SCC
guidelines for pipelines and refining operations and (c¢) eliminate divergence and inconsistencies
that may develop over time if two guideline documents addressing the same phenomenon of
ethanol SCC would be pursued separately.

In September 2010, as part of the activities in this task, the same question on guidelines
development for pipeline operations was posed to the technical representatives in the API
Refining Committee Ethanol SCC Task Group who developed API 939E. The task group
members were in unanimously in favor of pursuing a collaborative effort with the API Pipeline
Committee for the expansion of the existing guidelines in 939E to include pipeline operations.
As a result of this initial inquiry a series of joint teleconferences were held with members of the
API committees.

10.4.2 Joint Effort on eSCC Guidelines Development

Consistent with (a) the acknowledged need of the pipeline industry for developing ethanol eSCC
guidelines and (b) the stated desire of both API staff and the Refining Committee for a
collaborative approach to such guidelines, a proposal was presented to the API Pipeline
Committee that involved the establishment of a dialog between representatives of the API
Pipeline and Refining Committees to review and discuss a common path forward for eSCC
guidelines based on the possibilities for modifying the existing API 939 E to include additional
information relevant to ethanol SCC guidelines for pipelines.

This dialog was intended to explore various options that include adaptation of the existing API
939 E. While the existing guidelines were developed primarily for management of ethanol SCC
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in end-user storage and blending facilities (including steel storage tanks, piping and handling
equipment), it was apparent that many aspects of ethanol SCC already in the API 939E document
were common to handling of FGE and ethanol fuel blends in pipelines. Through the proposed
collaboration, the API 939 E document was proposed to be modified and expanded to provide
comprehensive eSCC guidelines for transportation, storage and handling of ethanol and
ethanol/gasoline blends.

Under the auspices of Task 2.3b, Honeywell helped to coordinate an effort to bring together
members of both API refining and pipeline committees. This effort was spearheaded by Dr.
Russell Kane who has served as a consultant to the API Refining Committee on ethanol SCC
issues since 2003 and has been involved in surveying field failures from eSCC, updating the API
939 D (Stress Corrosion Cracking of Carbon Steel in Fuel Grade Ethanol: Review and Survey)
and in the original development of the API 939 E eSCC guidelines document.

The abovementioned proposal was drafted in early 2011 and provided to Jake Haase, Colonial
Pipeline and who, in turn, presented it to representatives of the API Pipeline Committee
interested in ethanol SCC guidelines to discuss this matter. This discussion provided further and
valuable input on the nature of pipeline industry's needs with respect to eSCC guidelines and
how a best practice document for the prevention of ethanol SCC could be approached.
Furthermore, it was hoped that this initial proposal would lead to initiation of a process leading
to joint discussions between the API Refining and Pipeline Committee members and ultimately
joint committee involvement that would further a comprehensive ethanol SCC guidelines
development.

In addition to this effort, the existing API 939 E guidelines were approaching the time for
review, comment and updating in the 2012. Therefore, this timing provided an additional
opportunity for the consideration of initial modifications that could include various aspects
relevant to pipelining FGE and ethanol fuel blends. It was hoped that the results of the proposed
joint discussion on possible modifications to the existing API 939E document and the results of
the previously mentioned road mapping effort within the Honeywell program would assist in
identifying a meaningful and workable path forward on the area of enhanced eSCC guidelines
and industry best practices for prevention of eSCC.

10.4.3 Honeywell Work Product

The resultant work product of Task 2.3b, was originally conceived to involve a report including
the following items: (a) a listing of available resource information, (b) currently available
industry standards to be included in industry eSCC guidelines, (c¢) an expanded outline of the
proposed standard, and (d) a suggested path forward and timeline for standardization of an eSCC
guidelines document for pipeline industry. However, as the activities in this Task progressed, it
became obvious that the existing API 939E document contained much of this information, and it
was more a matter of identifying key topics for inclusion into API 939E and a path forward
agreeable to members of the API Refining and Pipeline Committees.
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10.5 Results

10.5.1 First Teleconference Including Members of API Pipeline and Refining Committees

As a result of the proposal made to the members of the API Pipeline Committee, a joint
teleconference was held in May 2011. This teleconference took place at the Ethanol SCC Task
Group meeting at the API Refining Meetings held in Seattle, Washington, members or the API
Pipeline Committee connected via the teleconference connection. The agenda for this meeting
was a follows:

Welcome and Introductions (R. Kane — iCorrosion)

Goal — Clarify needs in pipeline industry for ethanol guidelines and if collaboration thru
API 939E is a viable path forward (R. Kane)

Honeywell USDOT/PHMSA eSCC program for “new pipelines” (M. Yunovich —
Honeywell)

Background on API 939E (J. Edmondson — Shell)

Viewpoints on PRCI Gaps Analysis focus on eSCC guidelines (J. Haase — Colonial
Pipeline)

Open Discussion on eSCC Guidelines (All)

Important issues: Pipelines versus facilities/tank applications

Common ground and a collaborative approach

Priorities and path forward

Wrap and Action Items (R. Kane)

R. Kane provided the following excerpt from the PRCI ethanol road mapping gap analysis
highlighting the need for industry accepted guidelines for ethanol SCC prevention:

“Guidelines for risk assessment can be developed after the causes of ethanol SCC are
better understood.”

“Guidelines for fire/spill emergency response probably should be developed by each
pipeline company. Existing guidelines for storage facilities probably can be adapted, but
the remote nature of pipelines needs to be considered.”

“It was recommended that API or some other suitable industry organization establish
committees to prepare a recommended practice for transporting ethanol by pipeline and
guidelines for integrity management of pipelines for transporting ethanol.”

Cited needs for expanded ethanol guidelines were in areas of ILI inspection, hydrostatic
testing, welding, pitting/corrosion, selection of materials, risk assessment, fire and spill

control, and emergency response. However, not all were within the scope of ethanol
SCC.

He also provided his assessment of the ethanol SCC guidelines found in API 939E relative to
their relevance to pipeline operations:

Estimated 60-70 percent of information for facilities and pipelines is likely the same or
similar.

There was a need to expand API 939E to include other compatibility issues (beyond
ethanol SCC) like those related to corrosion of non-ferrous alloys (aluminum, copper,
etc.) and compatibility of polymeric materials.
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e Pipeline fabrication, inspection and repair issues are different from facilities and there is a
need to be “segregated” and addressed separately from those of facilities, tanks and
piping.

e The 2011 updating of API 939E was already including new information from API, PRCI
and USDOT/PHMSA research, and included:

0 Information on FGE, ethanol-fuel blends and transmixes.

0 Techniques for mitigation through control of environment — mechanical/chemical
deaeration, pH modifiers, use of ethanol SCC inhibitors.

0 Fracture data: KISCC and crack growth rates for eSCC.

0 Documentation of two ethanol SCC failures/leaks in pipeline segments exposed to
batches of FGE while in service.

Further documentation of this teleconference is provided in the meeting minutes shown in
Appendix L. Following statements about the background of the Honeywell effort under Task
2.3e, Jim Edmondson (Shell and chairman of API ethanol SCC Task Group) described the
history of the API ethanol SCC research effort and development of the initial ethanol SCC white
paper (2003) and related research reports (2007 and planned for 2012), and guidelines (2008 and
updated planned for 2012). Based on his assessment, it appears that some of the anticipated
changes to API 939E may address both refining and pipeline needs. He felt that there was a need
to explore if cooperation in this area might be beneficial and useful for both sectors.

Jake Haase (Colonial Pipeline and coordinator of this program) reviewed pipeline operator’s
viewpoints regarding ethanol SCC and solicited input from other operators in the meeting. He
stated that there has been good research performed in the pipeline sector on eSCC (through
PRCI), but there is still a question about what it all means and how it can be utilized for pipeline
operations. He believed that the way API 939E was developed and came about is what pipeline
operators might be looking for in terms of eSCC guidelines for safely moving ethanol fuels in
pipelines. However, it needs to include information on topics like oxygen control, use of
inhibitors and management of stresses to potentially mitigate eSCC. There is a need to review the
available research information and distill it into guidelines. Guidelines will be helpful in
identifying potential risk factors, but individual operators will be left to assess the risk for their
particular situations and develop their own operational strategies. The current API 939E is
mainly focused on ethanol SCC whereas the focus of ethanol research has moved to include
other topics such as compatibility of non-ferrous alloys and polymeric materials in ethanol fuels
and some of this research needs to be included, as well.

Others involved with past and present research activities funded by PRCI and USDOT-PHMSA
offered the following statements summarized below:

e B. Mummi (Koch Pipeline) indicated there was some lack of understanding in the
pipeline industry with respect to ethanol SCC and there was a need for a better common
understanding and guidelines. He felt that the 939E had established a methodology to
effectively convert research to guidelines and a joint effort that includes pipeline needs
would be beneficial.

e N. Sridhar (DNV) said that if a combined effort were to take place under the auspices of
API 939E there were several new areas that need to be addressed: (a) ethanol fuel blends
(some research indicates eSCC worse in E50 versus E20), (b) eSCC inhibitors (some

Page 135



Final Report DTPH56-09-T-000003

work and some don’t), (c) pipeline flow effects, (d) stress cycles common in pipelines
versus tanks and piping, and (e) non-ferrous and polymeric materials.

e N. Duckworth (Kinder Morgan) said that there are lots of stories, some are technically ill-
founded. Guidelines might help to create an improved awareness of the true issues
founded in fact and research.

Jim Edmondson suggested that the pipeline committee look at their specific needs and gaps with
API 939E and respond back on how to move forward with future changes to API 939E. R. Kane
mentioned that his job in the current Honeywell USDOT/PHMSA project was to develop a path
forward for ethanol and emphasized that the charge is NOT to actually make the changes or write
the new document, but identify the pipeline sector’s needs, find available research information
that addresses these needs, and define a roadmap for the process which at this time appeared to
favor the joint sector approach.

A major recommendation from this teleconference was for the API Refining Committee Ethanol
SCC Task Group to continue on their path to update the API 939 guidelines document which will
likely contain new information relevant to pipeline operations (as mentioned previously herein).

A suggestion was made to include the API Pipeline Committee in the review of the revised API
939E document (to be available in 2011-2012). This appeared to be workable to those involved
in the teleconference (including API staff representatives from these two committees). It was
anticipated that there would be no major structural changes to API 939E in the upcoming review
and update applicable to pipeline operations but new data, information and experience would be
included. A second step would follow, that will involve joint consideration of more involved
structure changes to the API 939E document. It was felt that the proposed two-step process that
would facilitate input from both pipeline and refining sectors in the 2011-2012 review while
also, at the same time, allow planning of further cooperative activities based on pipeline needs
that might involve structural changes to the document (e.g. new sections, partitioning of sections
and inclusion of annexes).

Peter Lidiak (API Pipeline Committee staff coordinator) said that he would visit with Steve
Crimaudo, the API staff coordinator for refining, about making sure that representatives from the
pipeline committee had access to the API 939E document for purposes of its review in
developing a better understanding of what might be necessary in a collaborative guidelines
effort.

10.5.2 Second Teleconference Including Members of the API Pipeline Committee

A second teleconference was held, this time with API Pipeline Committee members only with
the intent to more specifically address the key areas of ethanol SCC guidelines for inclusion into
API 939E and to further discuss the two-step process identified in the first teleconference
described in the previous section. The agenda for this teleconference is presented below:

e Welcome and Introductions (Haase — Colonial)

e Goal — Clarify needs in pipeline industry for ethanol guidelines and using a collaborative

approach with API 939E forward (R. Kane - iCorrosion/M. Yunovich - Honeywell)
e Review outcome of May 2011 telecon (Kane)
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e Current updating of API 939E (including information related to two incidences of
pipeline ethanol SCC)

e Discussion of general guidelines for identification, remediation, prevention in pipelines

e Longer term path forward: Identification of 939E integration plan and restructuring of
document to include pipeline industry needs

e Open Discussion

e Wrap and Action Items (R. Kane)

The minutes from this meeting were prepared and are provided in Appendix M.

After the introductory statements, R. Kane recapped the mandate for pipeline industry ethanol
SCC guidelines coming from the PRCI Report by Ray Fessler, “Development of a Research
Roadmap Related to Safe and Reliable Transportation of Ethanol in Pipelines and Storage
Milestone 1 — Gap Analysis”. Then, he reviewed the major points of the first telecon that focused
on the existing API 939E that was developed by the API Refining Committee to address ethanol
SCC guidelines as they relate to downstream storage and blending facilities and associated tanks
and piping.

R. Kane mentioned that the most significant conclusion of the participants in the first
teleconference was interest in collaboration between the refining and pipeline committees in API
to review and expand the 939E document to more comprehensively cover ethanol guidelines by
including reference to prudent pipeline operational practices when handling FGE, fuel blends
and transmixes. He also recapped his assessment that about 60 percent or more of the
information found in present API 939E was relevant to pipelines involving FGE and ethanol-fuel
transmixes. Following the first teleconference, Peter Lidiak (API) confirmed that he provided
copies of the API 939E document to interested members of the API Pipeline Committee,
Pipeline Integrity Task Group for their review.

Another outcome of the May meeting/telecon was concurrence that the API Pipeline Committee
be included in the present round of review and revision of API 939E (now planned for
completion in late-2012). Since R. Kane was involved in the revision process, he indicated that
that some of the changes already included in the document addressed both pipeline needs
(chemical treatments for scavenging oxygen and inhibition to reduce ethanol SCC susceptibility,
and the presence of ethanol SCC in fuel blends and transmixes).

Kane also mentioned that since last year’s telecon, the eSCC TG’s survey efforts had identified a
second case of ethanol SCC in a pipeline. The first case involved a leak that occurred in the mid-
2000’s resulting from ethanol SCC at a west coast location in a pipeline segment that connected
a terminal and a blending facility in a segment that had been field bended. The second incident
occurred in northern Europe and also involved a field bend. However, in this case, the ethanol
SCC was identified before leakage using hydrostatic testing. These two cases of eSCC in
pipeline operations made it necessary to include more information on mitigation, identification
(inspection) and repair/replacement of eSCC affected segments in pipelines. Therefore, the input
from the API Pipeline Committee was even more critical that stated in the May 2011
teleconference.
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Then, there was a short recap of the proposed two-step roadmap for joint ethanol SCC guidelines
within API Refining and Pipeline Committees:

Path 1 (short term — 1 to 2 years) - Inclusion of API Pipeline Committee representatives
in the present round of updating and revision of API 939E (as mentioned in the Minutes
from the first and second teleconferences — See Appendix M and N)

Path 2 (longer term 2 to 4 years) — Identification of key points for ethanol SCC for
pipelines and development of a path forward for the cooperative modification and
expansion of 939E to handle pipeline needs utilizing a joint ethanol SCC task group made
up of representatives from both pipeline and refinery committee.

The suggestions made for the path forward plan for API ethanol SCC guidelines included the
following:

Involvement of the API Pipeline Committee for the short term path would necessitate
circulation of the revised 939E (with the draft changes) to the pipeline committee for
their input and feedback. It is anticipated that some basic guidelines on mitigation of
ethanol SCC (e.g. deaeration, chemical treatments for oxygen scavenging and inhibition)
will be included along with information on ethanol SCC in FGE-blends and transmixes.
The short term approach will be to include some information indicating that ultrasonic
testing (UT) performed by in-line inspection (ILI) has the ability to detect cracking
emanating from the internal surface of a pipeline; however, these tools will have to be
configured depending on the orientation of the cracks produced by eSCC. Presently, UT
ILI tools are configured for longitudinal cracking whereas the two cases of eSCC found
in pipelines thus far were cracks oriented circumferentially like as a result of the residual
stress from bending and girth welding. In cases where ILI crack inspections involve
possible cracks in both longitudinal and circumferential orientations, multiple passes of
tools will likely be needed.

Additionally, mention will be made that ethanol SCC was found using hydrostatic
pressure of the pipeline segment at 1.3 times the maximum working pressure. This
experience shows that another viable method for inspection of pipeline segments for
ethanol SCC could be pressure testing particularly in the line was not configured for
running ILI tools.

Since both episodes of ethanol SCC in pipelines identified thus far by the API surveys
were in segments of pipelines that involved field bending, the short term revisions to
939E need to provide an advisory call out of this process, and if possible advise in some
way limits for this practice or utilize effective mean to reduce the tensile residual stresses
association with bending (e.g. limits on bend radius or use of thermal stress relief). Also,
any sections of pipelines that involve field bending may have to be called out as having a
higher risk of eSCC than other segments and suggestions to inspect these segments on a
regular basis.

It was suggest that it might also be prudent to mention that there are ILI tools under
development that may utilize other inspection techniques such as eddy current. A
potential benefit of this technique is that eddy current methods work independent of the
orientation of the cracks and are sensitive to surface emanating cracks such as those
produced by ethanol SCC on the internal surface of the pipe. Methods of non-destructive
testing already mentioned in API 939E for identification of ethanol SCC include wet
fluorescent magnetic particle testing (WFMPT), UT, eddy current and alternating current
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field measurement (ALFM). While most of the experience to date has been with WFMPT
and UT the other methods are mentioned as possible method to use and may offer some
advantage in certain cases.

e Suggestions were made to cite methods for repair or remediation of pipelines following
identification of ethanol SCC by inspection. One method mentioned was the use of a
Type B reinforcement sleeve (pressure containing 360 degree circumferential sleeve) and
not to allow patches.

e [t was also suggest that following identification ethanol SCC in a pipeline and following
repair that the pipeline segment be designated as having an “ethanol SCC threat” with
suggestions for a re-inspection at a frequency relative to its risk. This is similar to
wording already in 939E for piping and tanks following identification of eSCC; however,
the frequency of inspection is beyond the scope of API 939E and this is left up to the
operator.

e Furthermore, if it is not possible to run ILI in a pipeline segment for inspection for
possible ethanol SCC, direct assessment be used to define if it is a region of high
potential for damage. Such techniques are used mostly for external corrosion, external
SCC or internal corrosion. However, there are not many factors known to control or
mitigate ethanol SCC that can be controlled to minimize ethanol SCC. Oxygen and
chloride are the major variables, but not really controllable. Higher stress locations (e.g.
cold forming and bending) may require more scrutiny than straight-run pipeline sections.

e There was a suggestion for the addition of information in 939E for pipelines that
indicates that control of oxygen (near air saturation) and inorganic chloride (too low to
control) control at inlet are not viable to a significant degree in controlling ethanol SCC
in the field. However, stress management or chemical treatment (scavengers and
inhibitors) may be viable.

Regarding the Path 2 (longer term) effort, it was suggested that API transition the present API
ethanol SCC task group under the Refining Committee to a joint task group involving both
members of the Refining Committee and the Pipeline Committee. This group should discuss
topics for guidelines that will require more significant structural changes in the API 939E
document. The, the joint task group can set the priorities for these broader and more
comprehensive changes in the document to integrate more fully pipeline needs (fabrication,
inspection, remediation and mitigation) and new topics of joint interest such as compatibility of
non-metallic and non-ferrous materials in systems handling FGE, blends and transmixes (some
possible worse than FGE with respect to ethanol SCC).

In terms of timing, it was felt that a joint ethanol SCC task group work product being a
significantly enhanced document would 2-3 years or more to complete. However, the actual
scope the activity and its schedule will need to be determined by the task group members if this
action is approved. Timing for completion of the current revisions to API 939E and presentation
of a first draft revised document was extended until September 2012 at the next meeting of the
API Ethanol SCC Task Group.

10.6 Key Findings
Based on the results presented herein for Task 2.3b, the following key findings were identified:
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The team identified that the existing API 939E guidelines document provides a good basis for
pipeline guidelines for prevention of ethanol SCC in pipelines. About 60% of the information
contained in API 939E on ethanol SCC could apply to control and mitigation of ethanol SCC in
pipelines. However, additional information is needed to address topics of specific to pipeline
operations.

A path forward was identified for the joint development of ethanol SCC guidelines for pipeline
operations that utilizes the present API 939E as a basis. This approach will involve members
from both the API Refining Committee that developed the original document and the API
Pipeline Committee. The proposed path forward plan involves a two-step process:

e Path 1 (short term — 1 to 2 years) - Inclusion of API Pipeline Committee representatives
in the present round of updating and revision of API 939E (as mentioned in the minutes
from the first and second teleconferences organized under Task 2.3b in this program —
See Appendix M).

e Path 2 (longer term 2 to 4 years) — Identification of key points for ethanol SCC for
pipelines and development of a path forward for the cooperative modification and
expansion of 939E to handle pipeline needs utilizing a joint ethanol SCC task group made
up of representatives from both pipeline and refinery committee.

The researchers recommended that Path 1 include making selected additions of specific and
readily information from PRCI and USDOT/PHMSA research and pipeline industry experience
(e.g. mitigation by deaeration, chemical treatment for scavenging oxygen and inhibition, industry
experience with ethanol SCC from two cases obtained by API survey, inspection techniques
viable for ethanol SCC detection of pipelines). These changes will be made in the upcoming
revised API 939E which will be reviewed by members of both the API Refining and Pipeline
Committees.

The team also recommended that over the longer term, Path 2 include broader and more
comprehensive changes to API 939E requiring structural changes to the document. These will be
identified once a joint API ethanol SCC task group is formed with members from both API
Refining and Pipeline Committees.
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11 Discussion of Results
11.1 Task 1.1 — Evaluation of Steel Microstructure on Ethanol SCC Resistance

In this task, a variety of high strength pipeline steels (API 5L X-70 and X-80) with varying
carbon content and metallurgical processing and accelerated cooling were obtained and
evaluated for mechanical properties and microstructure. As a comparison, a sample of older X-
60 steel was obtained from DNV that was typical of steels used in previous PRCI and USDOT-
PHMSA studies. These steels were subsequently utilized in Tasks 1.2 and 1.4 to evaluate their
resistance to ethanol SCC relative to their microstructure, strength and residual stress resulting
from pipeline weld fabrication techniques (Task 1.2) and metallurgical processing (Task 1.4).

In this initial evaluation, it was confirmed that a range of mechanical properties and
microstructures were produced as presented in Appendices A through D. From the ethanol SCC
(N-SSR) tests conducted in Task 1.1, it was found that three modern pipeline steels (A Series)
exhibited moderate susceptibility to ethanol SCC. While there were some differences in
susceptibility among the materials (which also depended on the parameters used for evaluation —
SSR ratios, composite ratio, KISCC ratio, fracture ratio as defined in the List of Acronyms and
Abbreviations at the beginning of the report), their overall rankings were comparable to that
exhibited by the older X-60 steel sample typical of those tested for ethanol SCC in previous
studies (See Table 5). There did not appear to be substantive benefits from the generally lower
carbon content in the modern pipeline steels and their predominantly ferritic and bainitic
microstructures versus the pearlitic microstructures found in the X-60 steel or steels
manufactured by more conventional methods. By comparison, the susceptibility of the pipeline
steels tested in Task 1.1 was less than that the constructional steels (ASTM A36, A53) tested in
previous API studies that generally exhibited lower SSR ratios and Kjscc values.

11.2 Task 1.2 — Evaluation of Welding Procedure Alternatives

This task involved measurement of residual stresses on the internal surface of the pipe resulting
from girth welds fabricated in one of the steels selected from Task 1.1 (Pipe A3) using six
different welding procedures. This examination was to indicate if reduction of tensile residual
stress by weld procedure variation could provide a mitigating influence on ethanol SCC. It was
found that weldments fabricated by these varying procedures (baseline weld, tie-in simulation,
preheat, PWHT, different filler metal, and preheat + PWHT) had significantly different
multiaxial residual stress patterns.

As discussed in Section 3, the SMAW tie-in case provides some features matching those for
small diameter pipeline construction entirely using SMAW, with the first two passes by SMAW
and the bevel size modeling a tie-in. The rotation of the pipe during welding increased heat input
and bead size per pass providing balancing effects on tempering of greater heat applied at a
greater distance from the root surface. However, these effects were considered to be responsible
for only second order effects on residual stresses in the finished weldment.

Of most concern were the peak tensile stresses in the base metal immediately adjacent to the
welds, the orientation of the peak tensile residual stress and its value relative to the SMYSS for the
steel pipe. As shown in Table 9, the peak tensile stresses in the weldments varied from 8.1 ksi in
the weld with PWHT to 51 ksi for the weld made with preheat only with the other four welds
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having intermediate values of peak tensile residual stress. When quantified in terms relative to
SMYS, the peak tensile residual stresses varied from 10 to 64% SMYS for the two cases cited
above with the other four weldments have peak stress values in the range 14 to 32% SMYS.
These initial results suggest that peak residual stresses could be modified and in some cases
reduced (or elevated) by the particular weld procedures employed.

However, to examine the level of residual stress on overall stressed in the pipeline during
operation, the peak residual stress values were superimposed on maximum allowable operating
stresses allowed by the ASME code for liquid pipelines transporting potentially hazardous
products. This superposition was accomplished by calculation of the multiaxial effective stress
using a Von Mises methodology. As shown in Table 10, the combination of peak tensile residual
stresses and maximum allowable operational stresses resulted in internal surface effective
stresses in the range 64 to 93 ksi (81 to 116% SMYS). The lowest stress was for the weld with
PWHT while most of the other welds had stress values in range 73 to 77 ksi (92 to 97% SMYYS)
with the weld made with preheat only had the highest combined stress of 93.1 (116% SMYYS).
This analysis suggests that changes in welding technique can result in different peak tensile
stresses, but when these stresses are added to the maximum allowable pipeline operating stress,
the welding technique made much less difference except in two cases: (a) in the case where
PWHT was used the total effective stress was reduced, and (b) in the case where preheat only
was used the total effective stress was increased to levels that exceeded the SMYS of the pipe
which were 100% AYS of the pipe. It should be noted that these levels of total stress are peak
surface stresses adjacent to the welds (that could influence initiation of ethanol SCC) but are not
net section stresses which could influence the serviceability of the pipeline in the absence of
SCC.

Cyclic SSR (C-SSR) tests were performed on tensile specimens machined from each of the six
weldments. Originally, the test plan was to use the peak tensile stresses obtain in this study as the
basis for the maximum stress with an R ratio of 0.8. However, during the course of this program,
additional information was obtained that revealed cases of ethanol SCC in two segments of
operating pipelines handling periodic shipments of FGE. Both involved areas of pipe subjected
to field bending during fabrication and installation. Therefore, the test protocol was changed to
examine the ethanol SCC susceptibility under cyclic loading up to a stress corresponding to a
strain of 60% of the strain to the ultimate tensile strength using an R ratio of 0.5.

The results of the C-SSR tests on the specimens from the six weldments, showed no failure
during 64 cycles of testing in SFGE or evidence of SCC (or incipient SCC cracks) when
examined by SEM following cycling and pulling the specimen to failure. As summarized in
Table 11, examination of the stress-elongation behavior of these specimens from the post-cycling
pull-to-failure indicated no reduction in UTS versus air-cycled specimens that supported the
observation of no incipient SCC. However, there was a reduction in the plastic elongation to
failure in five out of the six C-SSR specimens exposed to SFGE. These results (a) indicated that
there was some form of pre-cracking accumulated damage caused by the cycling in SFGE, and

(b) suggest that perhaps extending the period of cycling may have produced failures or incipient
cracks by ethanol SCC.
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The conventional N-SSR methodology (monotonically increasing strain-to-failure test with
notched tensile specimen) utilized in the last series of tests in Task 1.2 concentrated on the post
yield behavior of the material. Therefore, these tests did not relate to the conditions of residual
stress in the weldments. It more appropriately focused on the inherent SCC behavior of the base
material near the six welds.

These N-SSR tests using a monotonically increased strain-to-failure (without cycling) indicated
no major differences in ethanol SCC resistance for the six weldments made in the A3 steel. UTS
ratios were all near 1.0 suggesting ethanol SCC initiated late in the tests around the time the UTS
was reached. Composite ratios were in the range 0.69 to 0.80 indicating moderate susceptibility
to ethanol SCC for the six welded conditions. The ductile facture area on the N-SSR specimens
for all materials were tightly grouped (63.4 to 68.4%) as where the CGRs (5.0 to 6.5 x 107
mm/sec). These results corroborated the previously mentioned data. Kiscc values for the N-SSR
specimens tested in SFGE and using the original calculation method (Kiscc(1)) as defined in the
procedure section of Task 1.2 were in the range 43 to 57 ksiVin with the highest values observed
for Weld #4 (PWHT) and within the range found in other studies for ethanol SCC of steels.

11.3 Task 1.3 — Evaluation of Surface Treatments

The experiments in Task 1.3 investigated effects of selected surface treatments on susceptibility
of a pipeline steel (A3) using a combination of smooth (non-notched) SSR specimens and
notched N-SSR specimens to compare the ethanol SCC of the following surface treatments to a
baseline (non-treated) condition: (a) shot peening — low and high intensity, (b) active metal
coatings — copper and zinc, (¢) galvanic coupling to aluminum, (d) ethanol-compatible polymeric
coatings — Novolac and phenolic epoxy and a hand applied paint coating. Data summaries are
provided in Figure 21 and Figure 22.

No benefit in terms of ethanol SCC resistance were found for both conditions of shot peening
despite confirmation of the compressive residual stresses on the steel surface by X-ray methods.
The reason for this could be the severe conditions induced by either the smooth SSR and N-SSR
tests or possible detrimental effects of cold work and increased surface roughness induced by the
shot peening process.

All other conditions of surface modification examined in this task were shown to have
substantive benefits in terms of increased resistance to ethanol SCC. The active metal coatings,
aluminum coupling and polymeric coatings all provided N-SSR data that exceeded the data for
the baseline (untreated) steel in SFGE. The active metal coatings as well as the Novolac and
epoxy phenolic coating with 1 week soak times provided N-SSR results that were equal to or
exceeded the baseline air condition for this steel. These data suggest that the ethanol SCC
resistance of pipeline steels can be enhanced with these methods particularly if applied locally in
regions of components/pipe where ethanol SCC has been found to initiate (e.g. near welds,
bends, and high stress locations).

11.4 Task 1.4 — Evaluation of Pipe Manufacturing Process

This task involved measurement of residual stresses on the internal surface of the pipe resulting
from selected pipe manufacturing processes selected in Task 1.1 (Pipes B1-BS8). This
examination was to indicate if reduction of tensile residual stress by metallurgical pipe making
processes could provide a mitigating influence on ethanol SCC. Pipe steel conditions examined
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in this study included: DSAW and electric resistance seam welding, longitudinally and helically
seam welding, cold expansion versus non-expansion, and pipe grades X-60 through X-80.

It was found that pipe steels fabricated by the aforementioned pipe making processes had
significantly different multiaxial residual stress patterns. The major concern was the peak tensile
stresses in the base metal on the internal surface of the pipe, the orientation of the peak tensile
residual stress and its value relative to the SMYS for the steel pipe. As shown in Table 17, The
peak tensile stresses in the pipe steels varied from 3.3 ksi (4.7% SMYYS) in Pipe B4 (ERW, non-
expanded X-70 to approximately 50 ksi (62% SMYS) for Pipes B6 (DSAW, non-expanded, X-
70) and Pipe B8 (ERW, non-expanded, X-70) with the other pipes having intermediate values of
peak tensile residual stress, in the range 30 to 53% SMYS. This included one of the expanded
pipes (Pipe B3) that was made by DSAW at 41 ksi (58% SMYYS).

Similar to the techniques used in Task 1.2 the level of residual stress on effective stress in the
pipeline during operation and the peak residual stress values were superimposed on maximum
allowable operating stresses allowed by the ASME code for liquid pipelines transporting
potentially hazardous products. This superposition was accomplished by calculation of the
multiaxial effective stress using a Von Mises methodology. As shown in Table 18, the
combination of peak tensile residual stresses and maximum allowable operational stresses
resulted in internal surface effective stresses in the range 70 to 100 ksi (100 to 123% SMYS) for
the various grades of pipe included in this study. The lowest stresses were for Pipes B1, B2 and
B4 that included all of the following conditions: DSAW and ERW welding, longitudinal and
helical seams, expanded and non-expanded pipe for grades X-60, 65 and 70. Since the same
conditions were found for other pipes that had higher peak tensile stresses, no particular
combination of metallurgical pipe making conditions appears to correlate with the level of the
calculated peak tensile stress under maximum pipeline operating conditions. Therefore, pipe
making does not appear to be an effective means of in reducing tendencies for ethanol SCC
through stress reduction.

As cited in Task 1.2, the original plan was to use cyclic SSR (C-SSR) tests on tensile specimens
machined from each of the eight Task 1.4 pipe samples. Loading of the C-SSR specimens was to
be based on the aforementioned peak stress and an R ratio of 0.8. However, during the course of
this program, additional information was obtained that revealed cases of ethanol SCC in two
segments of operating pipelines handling periodic shipments of FGE. Both involved areas of
pipe subjected to field bending during fabrication and installation. Therefore, the test protocol
was changed to examine the ethanol SCC susceptibility under cyclic loading up to a stress
corresponding to a strain of 60% of the strain to the ultimate tensile strength using an R ratio of
0.5.

The results of the C-SSR tests on the specimens from the six weldments, showed no failure
during 64 cycles of testing in SFGE or evidence of SCC (or incipient SCC cracks) when
examined by SEM following cycling and pulling the specimen to failure. As summarized in
Table 19, examination of the stress-elongation behavior of these specimens from the post-cycling
pull-to-failure indicated no reduction in UTS versus air-cycled specimens that supported the
observation of no incipient SCC. However, there was a reduction in the plastic elongation to
failure in all but one of the C-SSR specimens exposed to SFGE. These results (a) indicated that
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there was some form of pre-cracking accumulated damage caused by the cycling in SFGE, and
(b) suggest that perhaps extending the period of cycling may have produced failures or incipient
cracks by ethanol SCC.

The results of N-SSR tests indicated that there was some variation in ethanol SCC susceptibility
observed in the B-series steels evaluated in this task using N-SSR tests. However, all but one of
the steels showed moderate SCC susceptibility with SSR ratios in the 0.50 to 0.80. The exception
was one steel (B1 - HON# 11799) that exhibited consistently higher SSR ratios in the range 0.81
to 0.91. This range of SSR ratios is considered to represent borderline ethanol SCC
susceptibility.

The initial premise for this task suggested that steels with primarily ferritic microstructures may
have increased resistance to ethanol SCC. However, B1 was a fine grained ferritic/pearlitic steel
with a banded structure, and did not appear to have any characteristics thought to justify its
higher ethanol SCC resistance versus the other B-series steels. Furthermore, steels with primarily
ferritic or bainitic microstructures included in this task were not found to have superior resistance
to ethanol SCC over pipeline steels with ferritic/pearlitic microstructures.

The data from this investigation did not show any correlation between ethanol SCC susceptibility
and any particular factors, such as microstructure, mechanical properties, CE or PCM values, etc.
(as documented in Appendix C and Appendix D.

11.5 Task 1.5 — Specification of Polymeric Materials for New Construction

Task 1.5 was a paper study that reviewed existing literature and included an extensive discussion
of this information in Section 6. Therefore, only a short summary of the findings of this task will
be presented here.

This review indicated there were no additional or “new” elastomeric materials inherently suitable
for FGE transmission service beyond the common ones currently used in other industries (listed
herein). However, different formulations and processing regimes for existing materials may be
used to optimize performance for the specific requirements of FGE pipeline service. To qualify
for such service, candidate materials it is proposed that they should be evaluated to ensure
chemical resistance to the exposure. Further, both dynamic vs. static testing should be considered
with the candidate materials put through a rigorous testing (laboratory and field-based) regimen
to confirm their suitability as proposed herein. Details are given in Sections 6.5.7 through 6.5.11
and suggest the use of commonly available ASTM methods for changes in material properties
such as permeation and chemical resistance, loss of mechanical properties, compression set,
hardness and creep. Dynamic conditions of flow, alternating environments and wear should be
also included. Field testing of any new formulation is also a prudent step in evaluation and
specification of polymeric materials. It also appears that in developing the new materials for
FGE service, the addition of fillers will assist with structural properties such as cold flow and
creep and concerned with possible benefits in chemical resistance.

11.6 Task 2.1 — Corrosion and Monitoring of Oxygen Uptake

Part of Task 2.1 was a paper study that reviewed existing literature and the results of onsite
inspection of ethanol handling facilities, and presents extensive discussion of the results as
presented in Section 7 of this report. Therefore, only a short summary of the findings of this task
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will be presented here. The second part of this task involved experimental work to evaluate the
functionality and performance of two existing probe devices for monitoring dissolved oxygen in
SFGE in a laboratory setting. The importance of this work is that recent research shows that, by
far, the most significant environmental variable controlling susceptibility to ethanol SCC in steel
is the dissolved oxygen concentration for both SFGE and FGE samples. Therefore, consideration
of minimizing oxygen pick up by ethanol-containing media during transportation may be a
worthy consideration. It is also realized that the ability to implement such measures may be
difficult and economically unfeasible, but monitoring may be a way to visualize the extent of in-
service aeration and methods of control with the eventual goal of applying methods that can
effectively reduce oxygen levels to acceptable levels at which ethanol SCC is no longer an
operational concern.

This task provided an assessment of pipeline system design parameters for controlling and
monitoring the uptake of oxygen during the pipeline transportation process and provided
laboratory data using oxygen monitoring equipment. It was found that considerable opportunity
exists for oxygen to enter the FGE stream during the truck, rail, and barge loading and unloading
processes, but little opportunity exists thereafter. Eliminating the entry of oxygen during truck,
rail, and barge loading and unloading processes, or removing oxygen from the FGE stream as the
stream enters the first pipeline terminal tank (if in fact feasible or desirable) will provide the
largest benefit to preventing ethanol SCC or reducing it to an acceptable level of susceptibility.
Methods for deaeration and monitoring are presented herein along with an assessment of where
and how such measures could be implemented in tanker trucks, rail cars and barges during
loading and off-loading and where oxygen monitoring could be adapted in pipeline systems.

In the laboratory experiments of oxygen monitoring using two different probes, it was found that
for the Polestar dissolved oxygen probe readings were several times the anticipated level of
dissolved oxygen for aerated and deaerated conditions (even with the factory calibration). A
calibration specific to the FGE needs to be measured and may require custom calibration. The
useful probe life as configured was less than 90 days, but it can be extended by reducing the
frequency of the measurement; in this way, time to reach the limiting conditions for the probe
will be delayed. For the Honeywell probe, dissolved oxygen measurements were typically an
order of magnitude lower than the expected values. Additionally, this probe was not designed to
make measurements in ethanol and may require modification to allow use in ethanol-containing
media. This work showed that online measurements of dissolved oxygen in SFGE over an
extended period were not quantitative but provided qualitative indications of oxygen content of
the media. Additionally, issues remain such as compatibility and deterioration of probe sensing
elements over time in ethanol service and calibration of the probe to provide more quantitative
readings for prolonged periods of service.

11.7 Task 2.2 — Internal Corrosion Monitoring

Task 2.2 involved monitoring experiments conducted using online monitoring methods for mass
loss corrosion — electric resistance (ER), Super ER, linear polarization resistance (LPR) with an
electrochemical noise-based Pitting Factor, and ethanol SCC using an instrumented bolt compact
tension fracture mechanics specimen. Additionally, conventional offline monitoring methods for
assessment of mass loss corrosion (gravimetric coupon evaluation), and ethanol SCC (using
plastically deformed U-bend specimens) were also evaluated in ethanolic media.
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All mass loss corrosion monitoring methods revealed that ethanolic solutions within the
specifications of ASTM D4806 for FGE exhibited very low corrosion rates of less than 1 mpy. It
was only when ethanol solutions with water content reached 10% did the corrosion rates range
between 1 and 7 mpy depending the method used. These rates of corrosion, particularly for upset
(high water) conditions are low with respect to normal pipeline operations in raw fluids
involving exposure to contaminants such as carbon dioxide, hydrogen sulfide and oxygen. Under
normal operations, FGE and ethanol-containing fluids should have acceptable corrosion rates of
less than 1 mpy which corrosion monitoring is difficult. For upset conditions (water contents
above 1%), corrosion rates were in the range of 1 to 10 mpy and they were effectively monitored
using either conventional online methods using Super ER and LPR probes or offline methods
involving corrosion coupons.

For the LPR probes, measured B values of 10 to 30 mV were measured and in the higher water
solutions varied in the range of 20 to 30 mV which were close to the typical 26 mV default B
value used for many standard LPR corrosion rate measurement devices. Considering all
corrosion probes, other than water concentration, corrosion rates were largely independent of the
other factors examined (chloride level, deaeration/aeration condition) investigated in this study.

No evidence of ethanol SCC was found in plastically deformed U-bend specimens. These results
corroborated most previous studies. The instrumented bolt compact tension specimen used as an
online method of assessing SCC exhibited a load decrease with time; however, this trend was not
attributed to cracking and likely related to deterioration of the strain gauge assembly in the SFGE
solution. Based in the Task 2.2 effort and from previous studies field monitoring of ethanol SCC
does not appear feasible.

11.8 Task 2.3 — Additional focus areas to assist criteria/guidelines (deliverables per
USDOT/PHMSA ethanol roadmap

11.8.1 Task 2.3a — Standardization of SCC Test Method

Task 2.3 was a paper study and the results are extensively discussed in Section 9 of this report.
This work produced an accelerated path to a standard test method for ethanol SCC testing
procedures is presented herein. This effort was channeled through NACE for broader industry
input, review, and standardization. It also involved the initiation of a round robin test program
based on the newly standardized test method. The industry accepted ethanol SCC test method
standardized by this effort is NACE TMO111 [Slow Strain Rate Test Method for Evaluation of
Ethanol Stress Corrosion Cracking in Carbon Steels]. A round robin ethanol SCC testing
program has been initiated involving five participating laboratories using a steel pipe material
from this program provided by Honeywell. The data from the round robin testing program
should be available for review and analysis in early 2013 and a technical paper covering this
work to be presented in early 2014.

11.8.2 Task 2.3b — Development of standard guidelines for safe and reliable storage of
ethanol

Task 2.3b was also a paper study and the results are extensively discussed in Section 10 of this
report. This task assessed the available information from PRCI and API on ethanol SCC and
handling of alcoholic media in pipelines. It also included extensive discussions with pipeline
industry personnel about needs for guidelines for ethanol SCC in the pipeline industry that was
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used to produce an outline for these guidelines. This task identified and provided (a) a review of
available information that supports the pipeline industry guidelines for ethanol SCC, (b)
identified the gaps in needed industry guidelines and (c) an outline for the path forward and
content of a standard for safe and reliable pipeline handling of FGE.

As a result of this task, it was identified that the existing API 939E guidelines document provides
a good basis for ethanol SCC prevention guidelines for pipelines. A path forward plan was
identified for the joint development of ethanol SCC guidelines for pipeline operations that
utilizes the present API 939E. This approach involves members from both the API Refining
Committee that developed the original document and the API Pipeline Committee. The proposed
path forward plan involves a two-step process: Path 1 (short term — 1 to 2 years) - Inclusion of
API Pipeline Committee representatives in the present round of updating and revision of API
939E (as mentioned in the minutes from the first and second teleconferences organized under
Task 2.3b in this program — See Appendix M), and Path 2 (longer term 2 to 4 years) —
Identification of additional and more extensive guidelines for ethanol SCC prevention for
pipelines. The development of a path forward for this cooperative modification and expansion of
939E will be directed to a joint ethanol SCC task group made up of representatives from both
API pipeline and refinery committees.

12 Recommendations for Further Research

Based on the findings of the experimental work presented herein, the following
recommendations for further research were made:

In Task 1.2 (Effects of Welding and Residual Stress) of the present study, no ethanol SCC
failures were observed in tension specimens machined from the six welded pipes (Welds 1- 6)
when tested using cyclic SSR techniques; these tests involved a peak stress equal to that
corresponding to a strain 60% of the UTS and cycled 64 cycles at slow strain rate in SFGE with
an R ratio of 0.5. However, five of the six specimens from the welds showed a reduction in
plastic elongation versus similarly cycled specimens in air.

Likewise, in Task 1.4 (Evaluation Effects of Pipe Manufacturing Process), no ethanol SCC
failures were observed in tension specimens machined from the eight pipes (B1- B8) when tested
using C-SSR techniques as described above. When these specimens were pulled-to-failure in air
after cycling in SFGE, five of the six specimens from the welds showed a reduction in plastic
elongation versus similarly cycled specimens in air. It also suggests that plastic deformation
and/or cyclic loading could be key variables in the ethanol SCC process that up to now has been
difficult to characterize and correlate in laboratory SCC testing versus field behavior.

Further studies need to be conducted involving C-SSR tests that include longer exposures and a
greater number of load cycles. This work should also examine selected conditions of cyclic
loading on susceptibility to ethanol SCC. This research needs to include the influence of both
cycle frequency (in the slow strain rate regime) and R ratio for various conditions of pre-strain
below, at and above the yield point as well as various levels of plastic strain (up to 60% of the
strain to the UTS) of the pipeline steels included in the program. These tests should also include
examination of the repassivation rate under various solution conditions and utilize C-SSR tests.
SCC commonly occurs under environmental conditions that cause competition between
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depassivation and repassivation. Most of the information known on this phenomenon comes
from aqueous systems. A better understanding of the interaction between depassivation during
loading and repassivation during unloading in ethanolic solutions and the imposed cycle
frequency are needed for conditions in the slow strain rate regime where ethanol SCC may occur
and work together to produce severe conditions for cracking.

Task 1.3 (Evaluation of Surface Treatment Effects) showed that surface treatments (metallic and
polymeric coatings) and galvanic coupling were effective in enhancing resistance to ethanol SCC
of a steel substrate in a severe condition of exposure (SSR test in SFGE). The surface
treatments/conditions that showed benefits included active metal coatings (copper and zinc),
polymeric coatings (Novolac and phenolic epoxies) and aluminum coupling. All of these
successful treatments/conditions may be applied to modify and enhance ethanol SCC resistance,
particularly in high stress or high susceptibility locations. Further testing needs to be conducted
to confirm and extend these data to other surface modification techniques to show similar benefit
under conditions more representative of service conditions than found in the SSR test (e.g. C-
SSR testing.

By comparison, shot peening at two levels (low and high) showed no improvement on the
apparent ethanol SCC resistance despite the high level of surface compression attained by the
shot peening process. Further research is required to investigate interactions between ethanol
SCC and cold work and surface roughening produced by shot peening. These studies should be
directed at determining which adverse situation may be causing the absence of benefit for
ethanol SCC resistance. Shot peening has been shown to be beneficial in cases of other types of
SCC and in fatigue fracture which makes the lack of this effect for ethanol SCC appear different.
This work should also look at ways to mitigate adverse shot peening effects and other methods of
imparting surface compressive stresses such as roll forming and laser heating.

The study in Task 2.1 (Control and Monitoring of Oxygen Uptake) showed feasibility for online
oxygen monitoring in pipeline systems handing FGE and identified locations where oxygen
monitoring could be applied. It also provided important information about dissolved oxygen
variability in FGE from various source and delivery methods, and as a function of distance from
point of entry into the pipeline system. Results from this study also suggest that further
refinements in terms of calibration, operation and equipment modification could enhance the
serviceability and quantitative nature of the data. Further work should include field oxygen
monitoring in operating systems to examine aforementioned aspects to provide a better database
from which lab and field data can be correlated.

Task 2.2 (Internal Corrosion Monitoring) showed feasibility for measuring corrosion rate in FGE
in actual systems using both online and offline methods in a laboratory setting. For cases with
FGE within the ASTM D4806 specification, corrosion rates were low and not of engineering
significance. However, during periods of upset (e.g. high water), corrosion rates are predicted to
be significantly higher (approaching 10 mpy). A study needs to be performed that involves two
aspects of corrosion in FGE pipeline systems:

a) Determination of the possibility of still higher corrosion rates associated with upset

conditions beyond water involving other potential contaminants, and
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b) Changes in corrosion rate resulting from changes in ethanol composition in cases of
microbiological decomposition (e.g. production of acetic acid and other organic acids)
which have been found from field experience to occur.

Additionally, in Task 2.2, direct monitoring for ethanol SCC in steel coupons using offline and
online techniques were generally unsuccessful using standard available approaches (i.e. U-bend
specimens and instrumented fracture specimens). Additionally, research and development is
needed to look at other techniques and modifications of existing techniques including:
a) Improved design of instrumented bolt fracture specimens for online monitoring
compatible with FGE,
b) Use of wedge loaded specimens akin to Double Cantilever Beam (DCB) specimens, and
c) Bent beam specimens that incorporate intermittent increasing plastic strain or cyclic
straining or load cycling.

As a result of Task 2.3a (Standardization of SCC Test Method), a standardized, industry-
accepted test method for evaluation of ethanol SCC (NACE TMO0111) was developed based on
the conventional SSR testing technique involving monotonically increasing strain-to-failure.
Further work is needed to include other test methods (pre-cracked and wedge loaded compact
tension and Double Cantilever Beam (DCB) specimens, corrosion fatigue testing at faster strain
rates than used in SSR tests) and variations in established SSR standard technique (i.e., cyclic
SSR and fracture analysis of notched SSR test data). Such work will substantially expand the
utilization and interest in this standard test method document as it could expand testing to
include field monitoring of ethanol SCC.

Roadmap for Industry Guidelines for Safe and Reliable Pipeline Handling of FGE (Task 2.3b)
for pipelines was developed in this study showing both short term and long term approaches
based on expansion of the existing API 939E Technical Bulletin. In the standardization of the
ethanol SCC test method, the funding provided a significant acceleration factor through
underwriting the engineering time and travel that was required to accomplish this task. In a
similar manner, future funding to support expansion of the current API 939E (that currently only
includes facilities, tankage and piping) to incorporate new information applicable to pipeline
operations that require transport and handling of FGE, ethanol-containing fuel blends and
pipeline trans-mix will help accelerate development and expansion of similar standard test
methods.
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13 Overall Program Conclusions

Based on the results of the program, described in this report, the team made the following
conclusions listed below.

Higher strength pipeline steels (API 5L X-70/X-80) made with low carbon content characterized
as primarily ferritic and bainitic microstructures did not exhibit significantly different
susceptibility to ethanol SCC when compared to a conventional higher carbon pearlitic steel
(API 5L X-60) utilized in previous studies (based on laboratory data from notched-SSR tests) in
synthetic fuel grade ethanol (SFGE). The results varied somewhat depending on the SSR
parameters utilized, but all the materials studied were found to be moderately susceptible to
ethanol SCC. However, ethanol SCC susceptibility of the high strength pipeline steel grades had
generally lower susceptibility to ethanol SCC than constructional steels (ASTM A53/A36) used
in previous API sponsored research using similar test methods.

The only girth weldment of those examined in this study that produced low tensile residual stress
on the internal surface of pipe in the base metal adjacent to the weld was produced with post
weld heat treatment (PWHT — Weld 4). Other weldments made using standard field joining
(Weld 1) or tie-in techniques (Weld 2), preheat-only (Weld 3), low strength filler metal (Weld 5)
or preheat+PWHT (Weld 6) resulted in significantly higher peak tensile residual stresses. The
weldment made with preheat-only resulted in the highest tensile residual stress. When combined
with the maximum allowable pipeline operating stresses per ASME code, there was very little
difference between the total effective tensile stresses for all but one welded condition; the
exception being the weld made with PWHT. Based on these data, barring use of PWHT,
additional process modifications to welding procedures did not appear to be an effective method
of mitigating ethanol SCC through stress reduction.

No ethanol SCC failures were observed in tension specimens machined from the aforementioned
six welded pipes (Welds 1- 6) when tested using C-SSR techniques involving a peak stress equal
to that corresponding to a strain 60% of the UTS and cycled 64 cycles at slow strain rate in
SFGE with an R ratio of 0.5. This test regime was modified to incorporate a high degree of
plastic deformation prior to cycling as a result of two field failures by ethanol SCC reported in a
recent API survey having occurred in segments of pipe involving field bending during
installation. However, when these specimens were pulled-to-failure in air after cycling in SFGE,
five of the six specimens from the welds showed a reduction in plastic elongation versus
similarly cycled specimens (but cycled in air). These results indicate that while ethanol SCC was
not directly manifested in the test specimens through SCC failure or incipient cracking, pre-
cracking damage occurred. The mechanism of this damage was not determined, but this suggests
that longer exposure and greater number of cycles leading to an increase in accumulated damage
may have produced ethanol SCC.

Several surface treatments were found that improved the resistance of steel tensile specimens to
ethanol SCC when examined using the SSR test method in SFGE. Both active metal coatings
(zinc and copper) and the galvanic coupling of the steel test specimen to aluminum led to
increased resistance to ethanol SCC.
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Novolac and phenolic epoxy coatings and a hand applied polymeric paint coating provided
benefits in terms of ethanol SCC mitigation of steel through delay of the onset of cracking until
after failure or cracking of the coating. Benefits from the polymeric coatings in terms of ethanol
SCC mitigation were enhanced with a longer soak period in SFGE, which likely increased the
ductility of the coating under load.

Shot peening at both low and high intensity on the gauge section of the test specimen was not
found to provide benefits in terms of mitigating ethanol SCC despite the compressive residual
surface stress imparted by this technique. Reasons for these results could be due to the inherent
severe nature of this test method involving high applied post-yield stress and dynamic straining.
Alternatively, this may have been due to detrimental aspects of the cold work and/or increased
surface roughness imparted by the shot peening process.

In a study of the influence of pipe processing methods including DSAW and ERW welding,
longitudinal and helical seam welding, non-expansion and expansion and pipe grades X-60 to
X80, it was found that the pipes made by these techniques varied greatly in peak tensile residual
stress on the internal surface of the pipes. However, none of the variables included in the
investigation appeared to directly correlate with low or high tensile stress conditions. When the
peak tensile residual stresses were combined with maximum operating pipeline stresses per
ASTM code, all pipe conditions (B1 — B8) had a total effective tensile stress on the internal pipe
surface at or exceeding 100% SMYSS.

No ethanol SCC failures were observed in tension specimens machined from the aforementioned
eight pipes (B1- B8) when tested using C-SSR techniques involving a peak stress equal to that
corresponding to a strain 60% of the UTS and cycled 64 cycles at slow strain rate in SFGE with
an R ratio of 0.5. This test regime was modified to incorporate a high degree of plastic
deformation prior to cycling as a result of two field failures by ethanol SCC reported in a recent
API survey (having occurred in segments of pipe involving field bending during installation).
However, when these specimens were pulled-to-failure in air after cycling in SFGE, five of the
six specimens from the welds showed a reduction in plastic elongation versus similarly cycled
specimens but that were cycled in air. These results indicate that while ethanol SCC was not
directly manifested in the test specimens through SCC failure or incipient cracking, pre-cracking
damage did occur in these specimens. The mechanism of this damage was not determined, but
this suggests that longer exposure and greater number of cycles leading to an increase in
accumulated damage may have produced ethanol SCC.

A review of the technical and commercial literature for polymeric materials for service in FGE,
transmixtures with gasoline and jet fuel with regular/periodic exposures indicated there were no
additional or “new” elastomeric materials inherently suitable for FGE transmission service
beyond the common ones currently used in other industries (listed herein). However, different
formulations and processing regimes for existing materials may be used to optimize performance
for the specific requirements of FGE pipeline service. To qualify for such service, candidate
materials should be evaluated to ensure chemical resistance to the exposure using dynamic vs.
static conditions in a rigorous testing protocol involving laboratory and field-based regimens to
confirm their suitability as proposed herein. It also appears that in developing new materials for
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FGE service, the addition of fillers will assist with structural properties such as cold flow, creep
and wear and with possible benefits in chemical resistance.

An assessment of pipeline system design parameters for controlling and monitoring the uptake of
oxygen during the pipeline transportation process found that considerable opportunity exists for
oxygen to enter the FGE stream during the truck, rail, and barge loading and unloading
processes, but little opportunity exists thereafter once FGE enters the pipeline. Eliminating the
entry of oxygen during truck, rail, and barge loading and unloading processes, or removing the
oxygen from the FGE stream as the stream enters the first pipeline terminal tank (if in fact
feasible or desirable) should provide the largest benefit to preventing dissolved oxygen and
reducing ethanol SCC susceptibility. Methods for deaeration and monitoring of dissolved oxygen
in ethanolic environments have also been presented.

The two oxygen monitoring devices evaluated in SFGE in this study indicated that they both
were able to provide qualitative indication of dissolved oxygen in the environment. However,
neither directly provided quantitative readings. One of these devices (Polestar) appears to be able
to support more quantitative measurements whereas the other (Honeywell) used for aqueous
exposure likely requires further modification.

Monitoring experiments conducted with online methods (mass loss corrosion — electric
resistance (ER), Super ER, linear polarization resistance (LPR) and electrochemical noise-based
Pitting Factor), ethanol SCC (instrumented bolt compact tension fracture mechanics specimen))
and conventional offline methods (mass loss corrosion — gravimetric coupon evaluation; ethanol
SCC (plastically deformed U-bend specimens) indicated that ethanolic solutions within the
specifications of ASTM D4806 for FGE exhibited very low corrosion rates of less than 1 mpy. It
was only in solutions with water content in the proximity of 10% did the corrosion rates range
between 1 and 7 mpy depending on the method used.

For the LPR probe, B values of 10 to 30 mV were measured and in the higher water solutions
varied in the range 20 to 30 mV (close to the commonly used 26 mV default value in commercial
LPR equipment used for the corrosion rate measurements).

Considering the findings from all probes, other than water concentration, corrosion rates were
largely independent of the other factors examined (chloride level, deaeration/aeration condition)
investigated in this study.

No evidence of ethanol SCC was found in statically stressed U-bend specimens that corroborated
most previous studies. The instrumented bolt compact tension specimen used as an online
method of assessing SCC exhibited a load that decreased with time, suggesting crack growth;
however, this trend was not attributed to cracking and likely related to deterioration of the strain
gauge assembly by the SFGE solution.

An industry accepted test method for ethanol SCC testing was developed through NACE
International — NACE TMO111 [Slow Strain Rate Test Method for Evaluation of Ethanol Stress
Corrosion Cracking in Carbon Steels]. A round robin ethanol SCC testing program has been
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initiated by NACE International that will provide data for review and analysis in early 2013 and
a technical paper describing the data / results to be presented in early 2014.

Available information from PRCI and API on ethanol SCC and handling of alcoholic media in
pipelines was reviewed and extensive discussions with pipeline industry personnel took place
from which a path forward plan was advanced for development of pipeline industry guidelines
for ethanol SCC. It was determined that the existing API 939E guidelines for ethanol SCC
identification, inspection and mitigation in ethanol handling facilities provides a good basis for
operations, presently covering about 60% of the necessary material.

A path forward plan was identified for the joint development of ethanol SCC guidelines for
pipeline operations that utilizes the present API 939E and involves interested members from both
the API Refining and Pipeline Committees in a two-step process:
a) (Path I (short term — 1 to 2 years) - Inclusion of API Pipeline Committee representatives
in the present round of revision to API 939E, and
b) Path 2 (longer term 2 to 4 years) — Identification of key points for ethanol SCC for
pipelines and development of a framework for cooperative modification and expansion of
939E to handle pipeline needs, utilizing a joint ethanol SCC task group made up of
representatives from both pipeline and refinery committees.
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14 Appendix A — “A Series” Steel Chemical Compositions &
Mechanical Properties (Used in Task 1.2 Weld Study)

Table 27. Material Descriptions for Task 1.2 (A Series Steels)
Pipe L(ef::egtt)h Description Heat # Grade Yie(i(dSStr. Microstructure
Primarily ferritic/pearlitic
36" OD x 0.375" Wall microstructure.
API 5L Grade X65/X70 PSL2 Mixture of small and
79.6 medium-to-large ferritic

Manufacturer: Tenaris Confab 540887 X-65/70
grains, with some texture

Al 40
Double Submerged Arc Welded, in the rolling direction
UOE-SAWL (expanded) may indicate that this is a
TMCP steel.

Microstructure consistent

with accelerated cooled
X-70 78.1 steel with bainite or
tempered martensite.

36” OD x .686” Wall
API 5L Grade X70
Manufacturer: Durabond 712P04560

A2 | 40
Double Submerged Arc Welded;
SAWL (Expanded)
36” OD x .464” Wall Microstructure consistent
API5L Grade X80, with accelerated cooled
A3 | 40 Manufacturer: Napa Pipe MTS8757 X-80 92.0 steel likely consists of
bainite or tempered
Double Submerged Arc Welded martensite.
API 5L Grade X60
DNV| -- |Manufacturer: Not provided (NP) — NP X-60 75.5  |Banded ferrite and pearlite
Sample provided from DNV stock
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Table 28. Task 1.1 Chemical Composition of Steels Evaluated for Weld Study (Task 1.2)

. . CE | CE
Designation,| Manuf. / Hon No Chemical Analysis
Grade, Size | Heat No. ’
C |Mn| P S Si [Cu|Ni|Cr|Mo| Al [Nb| V | N B Ca Ti | IIW |PCM| V+Nb+Ti
Al (X-65/70) Tenari
36” OD x enaris 11800 |.07{1.69| .02 | .003 | .24 [.007| .13 |.021|.002|.037|.056|.036| .003 | .0002 | NA |.016 | .37 | .17 .108
" 540887
0.375
A2 (X70) | by abond
36” OD x b 12043 |.05| 1.5| .01 |.002 | .15 | .27 | .01 | .23 |.005|.038|.083|.005|.009 | .0003 | .0027 | .011 | .038 | .16 .099
- 712P04560
0.686
A3 (X-80) NAPA
36” OD x 11798 |.03|1.61|.015|.005| .13 | .23 | .13 | .24 | .00 [.031|.107(.001[.0.002(<.0005| .0016 | .01 | .37 | .14 118
" MTS8757
0.464
(X-60) DNV 11797 .02 |1.12| - - - - [.03].04|.006| - |.04]| - - |.0001 - - 40 | .27 .04

Page 156




Final Report DTPH56-09-T-000003

Table 29. Task 1.1 Mechanical Properties of Steels Evaluated for Weld Study (Task 1.2)

Designation, | Manuf./ | Hon Mill Cert Values
Grade, Size Heat No. No. AYS UTS | %El
Al (X-65/70) Tenaris
36” OD x 540887 11800 79.6 98.7 | 329
0.375”
A2 (X-70)
s Durabond
36 OD”x 712P04560 12043 78.1 87.2 40
0.686
A3 (X-80)
36” OD x 1\1/}1%1;?7 11798 92.0 101.7 31
0.464”
(X-60) DNV 11797 75.5 NP NP
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15 Appendix B — “A Series” Steel Microstructures (A3 Selected for
Use in Task 1.2 Weld Study)

1 - HON# -

Figure 69. A3 (X-80) 36” OD x 0.464” (HON# 11798)
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16 Appendix C — “B Series” Steel Chemical Compositions &
Mechanical Properties (Used in Task 1.4 Processing Study)

Table 30. Material Descriptions for Task 1.4 (B Series Steels)

Ferritic/pearlitic
microstructure. Mixture of|
36” OD x .375” Wall small and medium-sized
API 5L Grade X65/70 ferritic grains, possibly
Bl 40 Manufacturer: Dura-Bond 803A64680 | X-65/70 78.0 controlled-rolled TMCP
Double Submerged Arc Welded steel. Banding
(elongation) of the pearlite]
is visible.
30” OD x 0.688” Wall
B2 6 API 5L Grade X60 . 648045 X-60 63.0 Mlxeq ferritic/pearlitic
Manufacturer: Berg Europipe microstructure.
Double Submerged Arc Welded
42” OD x 0.541” Wall . .
API 5L Grade X70 Microstructure consistent
B3 10 ) K10026926 X-70 79.5 with acicular ferrite with
Manufacturer: Welspun some carbides
Double Submerged Arc Welded '
12-3/4” OD x 375" Wall Microstructure is
B4 40 API 5L Grade X70 T64672 X-70 72.5 accelerated cooled steel
Manufacturer: US Steel with bainite or tempered
Electric Resistance Welded _emp
martensite.
36” OD x .500” Wall
API 5L Grade X70 . .
Manufacturer: Durabond Microstructure consistent
BS5 6 : AOES818 X-70 84.0 with acicular ferrite with
Double Submerged Arc Welded; some carbides
SAWL Expanded '
Ferritic/pearlitic
36” OD x .375” Wall microstructure. Mixture of|
B6 40 API 5L Grade X70 W51595 X-70 738 smqu and med1um-§1zed
Manufacturer: Berg ferritic grains, possibly a
Double Submerged Arc Welded control-rolled or TMCP
steel.
36” OD x .464” Wall Microstructure is
API 5L Grade X70 consistent with
B7 40 Manufacturer: Ipsco 461883 X-70 77.0 accelerated cooled steel
Double Submerged Arc Helically with bainite or tempered
Welded martensite.
20” OD x .500” Wall .
Mostly ferritic
BS | 40 APISL Grade X80 420978U | X-80 98.9 | microstructure with few
Manufacturer: Tenaris-Confab carbides present
Electric Resistance Welded p

Page 160



Final Report DTPH56-09-T-000003

Table 31. Chemical Composition of Steels Evaluated for Material Study (Task 1.4)

Chemical Analysis CE | CE
Designation, |Manuf. / Heat| Hon
Grade, Size No. No. ) . . .
C|/Mn| P | S |Si|Cu|Ni|Cr Mo|Al |[Nb|V [Ca| N | B | Ti|IOW]| Pcm V+Nb+Ti
B1 (X-65/70) Durabond
36" OD x 0375” | 803A64680 11799 | .09 | 1.42 |.014| .004 |.276|.039| .02 [.040| .01 |.037|.032|.069 |.0034| .007 |.0002| .017 | .35 18 118
B2 (X-60) Berg Europipe
30” OD x 0.688” 648045 12073 |.105{1.364 |.009 |.0005|.335|.049 |.054 | .04 |.013|.045|.032|.003| - |.0108] - |.003| .35 - .038
B3 (X-70) Welspun
42” OD x 0.541” B2002984 12079 | .06 | 1.56 |.011| .002 | .21 | .01 | .02 | .14 | .18 | .03 | .05 | .04 | .004 | .004 |.0002| .02 | .39 17 120
B4 (X-70) US Steel
12.75” OD x 11803 | .05 | 1.10 |.013| .011 |.262| .03 | .02 | .04 [.001|.033|.052|.002| - - 1.0001].002 | .12 - .056
- T64682
0.375
B5 (X-70) Durabond
36” OD x 0.500” AOER18 12044 | .06 | 1.57 [.009| .002 | .25 | .34 | .14 | .16 | .04 |.030|.050|.077|.002 | .011 |.0002| .009 | .41 .19 136
B6 (X-70) Berg Europipe
36” OD x 0.375” W51595 11802 | .06 | 1.46 |.011| .006 | .30 |.400| .12 |.110{.030|.027|.068|.038| - - 1.0003|.015| .374 | .178 121
B7 (X-70) IPSCO
36” OD x 0 464 461883 11801 | .02 | 1.71 |.011| .005 | .33 | .26 | .10 | .04 |.315|.040|.092|.003 |.004 | .011 |[.0005| .022 | .030 17 117
B8 (X-80) Tenaris
20” OD x 0.500” 420978U 12324 | .06 | 1.69 |.017| .004 | .27 |.007|.015].288| .16 |.033|.065| .05 - .004 |.0002| .015 | .44 18 .130
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Table 32. Mechanical Properties of Steels Evaluated for Material Study (Task 1.4) / Mill Cert vs. MTEC Values

Designation, Manuf. / Hon Mill Cert Values MTEC Values

Grade, Size | HeatNo. | No. AYS UTS | %El| AYS | UTS | %El | %RA

B1 (X-65/70)

36” OD x Durabond "}, /44 78.0 889 | 32 | 844 | 897 | 234 | 700
g 803A64680

0.375

B2 (X-60) Berg

30” OD x Europipe | 12073 68.0 822 | 36 | 67.0 | 81.4 | 303 | 75.0

0.688” 648045

B3 (X-70) Welsoun

42” OD x c/spu 12079 79.5 942 | 35 | 86.1 | 945 | 253 | 782
g B2002984

0.541

B4 (X-70)

12757 0D x | 9SSteel 11603 7.5 875 | 305 | 735 | 80.7 | 23.8 | 83.5
- T64672

0.375

B5 (X-70)

36” OD x Durabond |,/ 4 84.0 935 | 32 | 663 | 884 | 313 | 784
g AOE818

0.500

B6 (X-70) Berg

36” OD x Europipe | 11802 73.9 956 | 263 | 875 | 962 | 257 | 682

0.375” W51595

B7 (X-70)

36” OD x IPSCO 1} 1501 77.0 1024 | 34 | 850 | 96.0 | 30.8 | 80.0
g 461883

0.464

B8 (X-30) Tenaris

20” OD x 12324 91.6 117 | 276 | 922 | 1044 | 204 | 689

0.500" 420978U
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17 Appendix D — “B Series” Steel Microstructures (Used in Task 1.4
Processing Study)

191 - HON# 11790 Eiafees

g .,_,5}.,}5.3-‘-\, :
re 71. B1
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.".ﬂr-'-: -

Figure 75. BS (X-70) 36” OD x 0.500” (HON# 12044)

- e O A 7

Figure 76. B6 (X-70) 36” OD x 0.375” (HON# 11802)
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Figure 78. B§ (X-80) 20” OD x 0.500”(HON# 12324) —
note only one photo and at different magnification than
either of the above photos.
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18 Appendix E — Additional Considerations on Cyclic SSR Testing
and Post-Yield Stressing

As Honeywell was preparing for cyclic SSR testing in Tasks 1.2 (6 welds in A3 pipe) and 1.4
(eight pipe steel and manufacturing process variants (B1-8) the team performed a review of
recent information from ongoing research projects using cyclic loading approaches to examine
ethanol SCC in laboratory tests.

Honeywell recently completed a project on ethanol SCC for the American Petroleum Institute
(API) following presentation of the proposal to PHSMA for the present investigation. The API
study involved welding-induced residual stresses and an attempt to define a threshold stress for
ethanol SCC in conventional ASTM piping and plate steels (ASTM A36 and A53). One of the
two approached used was a cyclic SSR (C-SSR) test methodology similar to that proposed in this
program. In this effort, cyclic SSR tests were performed in the range 80 to 100 percent of the
actual yield strength (AYS) of the steels involved.

These C-SSR tests employed a load frame to slowly increase the amount of strain on a tensile
specimen at a constant extension rate until it reached a peak stress level (generally, the AYS of
the material. Then, slow cyclic loading/unloading was performed between specified stress levels
between AYS and 80% of AYS. The team conducted the C-SSR testing in SFGE solutions
containing various chloride concentration levels (5 ppm, 10 ppm, and 40 ppm). Specific levels of
applied mean stress superimposed with an alternating stress of £10 % of the mean stress were
examined in this study. Following the completion of the C-SSR testing, the researchers visually
examined the specimens for the presence of cracking in the gage section. They further subjected
the tested specimens to dye-penetrate testing (DPT) and scanning electron microscopy (SEM) to
reveal any indications of cracking.

For comparative purposes, in addition to the above C-SSR tests, Honeywell conducted a limited
number of conventional notched SSR (N-SSR) tests as part of this study in order to evaluate the
crack growth rate (CGR) and the threshold stress intensity value (Kjscc) required for ethanol
SCC.

The team found surprising results which indicated that high stress and cyclic dynamic stress did
not initiate ethanol SCC in any of the tests involving peak applied stress at the material YS. The
data further suggest that there could be another parameter that works to promote ethanol SCC
that has not been previously investigated. As was the case found for the N-SSR tests in the API
program, conventional SSR testing of smooth and notched specimens involving monotonically
increasing plastic strain-to-failure regularly show ethanol SCC susceptibility that correlate with
field failures observed in service and exhibit similar fracture characteristic. Based on this work, it
was recommended that future ethanol SCC studies should include quantifying the influence of
plastic strain on ethanol SCC. Other possible issues that might impact the selection of variables
to include in cyclic testing are strain rate and re-passivation rate.
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18.1 Influence of Solution Composition and Strain Rate on SSR Specimen Repassivation

These results also prompted further consideration of data from other research effort that involved
the use of cyclic test methodologies for evaluation of ethanol SCC. Based this review, the
following observations were made.

18.1.1 Colorado School of Mines (CSM) cyclic testing (noted as ““corrosion faticue’)

CSM testing included cyclic evaluation of X-70 steel (81 ksi YS) at 75% YS max load (61 ksi)
with R = 0.5. Therefore, the tests cycled from 30 to 61 ksi. The rate of cycling used in this
program was 0.1 Hz (cycles/sec) which is six cycles a minute using a triangle wave form.

The abovementioned cycle rate was assessed to be 2x107 strain over a period of 10 seconds (62
ksi/30x10° ksi) which resulted in an effective strain rate of 2x10™ /sec. Based on a 1-inch gage
length, this is an extension rate of 2x10™ inch/sec. This is about two orders of magnitude higher
than the one proposed Honeywell C-SSR testing loading rate. Therefore, this approach should
not be considered SSR testing, but rather corrosion fatigue testing. Also, since CSM used
ethanolic solutions with higher water content (>7%), the re-passivation rate was likely to be
considerably faster than in the Honeywell tests that involves SFGE per ASTM D4806 with
approximately 1% water added.

18.1.2 Georgia Tech (GT) cyclic testing (noted as ‘“‘slow strain rate testing”)

GT was running 4-point bend experiments with two test methodologies:

¢ One type of test was performed in strain control that involved deformation at a strain rate of
0.5% (5x107) strain per hour (3.6x10° seconds). This resulted in an effective strain rate of
1.4 x 10%sec (5%x107/3.6x10°); based on a l-inch gage section, this translated into an
extension rate for both loading and unloading of 1.4 x 10 in/sec. This value is similar to
loading rate in the Honeywell SSR tests but about two orders of magnitude slower than the
anticipated unloading rate.

e The second type of test at GT employed was conducted in load control which involves
loading from and applied stress of 3 ksi to maximum stress (varied 50 ksi to >YS) at the
same rates indicated above. To produce cracking, GT had to apply stresses above AYS which
produced plastic deformation which brings the issues discussed above of the potential
missing variable.

GT also performed electrochemical repassivation tests in various ethanolic solutions and
concluded that repassivation in ethanolic environments with less than 1% water is a very slow
phenomenon taking from 5 to 10 minutes depending on solution variables (i.e. water, chloride
and acetic acid).

Low water environments (1% water maximum) with acetic acid addition (at D4806 maximum
level) showed a substantial increase in time to repassivation whereas chloride addition tended to
mainly increase the active current peak prior to repassivation and did not alone increase time to
repassivation. Therefore, low water, high acid, and high chloride contents gave the most intense
and longest active response following passive film rupture. This matches the set of conditions
that Honeywell has been using in its previous C-SSR tests for API and is planning to use in this
program. The following figure shows the results of the GT re-passivation data.
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Figure 79. Effect of water and chloride on repassivation current decay.
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Figure 80. Effect of water and acetic acid on repassivation current decay.

18.1.3 Georgia Tech data on the effect of chloride content (top) and acidity on
repassivation time.

Based on the GT information, it appears that the range of repassivation times for conditions that

Honeywell is using (per ASTM D4806 with maximum impurity levels for water, chloride and

acetic acid) could be between 25 and 250 seconds (0.4 to 4 minutes).
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Based on a Honeywell C-SSR test (between AYS and 80% of AYS) unloading of 16.2 ksi (R =
0.8 unloading from YS of 81 ksi to 64.8 ksi for X-70 steel) at 5.4x10™* in. of displacement on a 1
inch gage section is required (16.2 ksi/30x10° ksi). Using this unloading strain rate of 4x107/sec
(used in the API study), the time to unload the specimen would be only 13.5 seconds. If the HON
unloading rate were decreased to 1x10/sec, the time spent unloading in C-SSR tests increase to
540 sec (5.4x10™ inch /1x10™/sec). This would constitute an increase of a factor of 40, and is
greater than the 250 seconds shown in the GT work for repassivation to take place.

However, if the Honeywell tests change to R = 0.5 (without changing the unloading rate) this
would effectively increase the time of unloading by a factor of 2.5 resulting in an unloading time
of 33.75 seconds.

Thus, the team decided to adopt a constant loading and unload extension rate of 1x10° sec’! and
changing the R ratio from R=0.8 to R=0.5.

It is important to understand that the Honeywell approach has always been focused on loading
rates (to be in the typically range for SSR testing for ethanol SCC which is 1x10° sec™) with a
faster unloading rate. Honeywell also assessed other variants of the cyclic SSR procedure the
inclusion of an initial plastic deformation (pre-strain prior to ethanol SCC testing) and the use of
notched SSR test specimens analyzed using fracture mechanics methods discussed previously
herein.

18.2 Considerations of Plastic Pre-Straining Prior to C-SSR Testing and R Ratio

As noted during this effort, the initial emphasis in Tasks 1.2 and 1.3 was focused on selecting the
test protocol that would produce cracking susceptibility in SFGE. Preliminary work in this
program (Task 1.1) provided results that were consistent with previous research on ethanol SCC
and indicated that, in order for the laboratory specimens to be susceptible to ethanol SCC, plastic
deformation was likely necessary. The main supporting information for this conclusion was that
the only specimen tests/methodologies that has consistently provided evidence of SCC (and a
fracture appearance consistent with field ethanol SCC failures) were: (a) the conventional SSR
test (smooth or notched) with monotonically increasing strain-to-failure and (b) fracture
mechanics specimen which have high plasticity at the crack tip. As also noted in the previous
section of this appendix, it was hypothesized that passivation/depassivation of the specimen
and/or crack tip may also have an impact on promoting susceptibility to ethanol SCC. Thus, an
approach using cyclic SSRTs where the load was cycled between the yield stress and some
fraction thereof was selected as the one with the most promise while being consistent with the
scope and budget of the originally proposed program.

In cyclic SSR testing, the tensile specimen (manufactured from a material that was not part of the
current project: ASTM A36 carbon steel) was pulled at the strain rate of 1x10° sec™ (for loading
and unloading) between 100% of the actual yield stress (AYS) and some R value, defined as
percentage of the AYS. Initially, three candidate R values were selected for the initial
experiments:

e R =0.2 (cycling between 20% and AYS)

e R =0.5 (cycling between 50% of AYS), and

e R =0.8 (cycling between 80% of AYS).

Page 169



Final Report DTPH56-09-T-000003

The total number of cycles for each test (one test per each R value) was limited to 100 (unless a
failure occurred before reaching the cycle count); however, given that the strain rate was slow,
the time limit of two weeks was imposed as well.

The tests commenced with the R = 0.5; at the end of the two week period the specimen has
completed approximately 60 cycles. The data from the test suggested that cycling from 50%
AYS to the AYS during this period did not show any susceptibility to ethanol SCC. The stress-
vs.-time data is shown in Figure 81, below.

80
70

23

0.00 50.00 10HR O 150,040 200 (M0 250.00 300.00 350.00
Hours

Figure 81. Example of cyclic SSRT data.

The photomicrographs below shows no evidence of secondary cracking in the gauge section
when the specimen was pulled-to-failure in air after cycling; the fracture surface displayed a
purely ductile fracture mode and a cup/cone-type failure.

Figure 82. Close-up view of post-test specimens.

By extension and considering practical implications (i.e., considerably longer duration for the
R = 0.2 test), it was decided that running the remaining tests (R = 0.2 and R = 0.8) was not
warranted.

In view of the above and the budget and time constraints of this program, it was decided to
employ a modified approach while still maintaining the cyclic SSR testing approach for Task 1.2
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and Task 1.4. Recently, findings from field surveys performed by the API task group on ethanol
SCC revealed two occurrences of failures/leaks in steel pipelines (one in North America and one
in Europe). Both involved locations subjected to field bending during installation. Therefore, it
was decided in an effort to simulate the aforementioned field failure the approach for Tasks 1.2
and 1.4 was changed to include a significantly higher amount of plastic strain imparted to the
specimens prior to the application of cyclic loading. Thus, the degree of plastic deformation in
SSRT (i.e., the upper value of imposed stress) was selected based on the consideration of the
acceptable limits for plastic strain in new construction of pipelines. This strain value is 10% for
tension/compression and applicable to field bends.

The revised SSR testing regime selected for Tasks 1.2 and 1.4 were as follows:

e The target for the upper limit of the stresses in the SSRTs were selected to be that
associated with post-yield straining of the SSR specimens to approximately 10% plastic
strain. The R value (for subsequent cyclic SSR testing), selected based on the preliminary
tests, was 0.5 (load cycling from the stress at 10% plastic strain and 50% of this stress).

e If failures were observed for the abovementioned strain/load condition, then the next
suite of tests would be performed at a lower level of plastic strain (5%).

e However, if no failures were observed in the SSR tests involving 10% plastic strain and
cyclic loading at R = 0.5, the following suite of tests would be performed using
conventional notched SSR tests with monotonically increasing strain-to-failure.

Because the cyclic SSRT were conducted under load control (using the load/stress magnitude
necessary to achieve the target strain (and subsequent stress cycles), it was imperative to quantify
the effect of the cold work of the specimen manufacturing on the stress/strain characteristics of
the materials under test. The primary reason for this step was that if the stress imposed on the
specimen in the cyclic SSRT exceeds the ultimate tensile strength (UTS) of the specimen, the
specimen will neck and lose the ability to sustain the target load, at which point the test would
become invalid (the specimen likely being pulled-to-failure by the frame under the control of the
test software). Therefore, the target for the 10% of the “applied” strain was initially redefined to
represent 10% of the “total” strain, representing the strain due to cold working from the
specimen fabrication plus the applied strain.

However, after further consideration of the potential differences in stress/strain behavior for the
various steels (API X60 through X80 with many different metallurgical processing methods used
in manufacturing) in this program, it was decided to determine the stress/strain curve for each of
the materials in Task 1.2 and 1.4 using two methods: (a) using a conventional tensile specimen
machined from the material and (b) using one of the smaller SSR tensile specimens identical to
those used for ethanol SCC testing. Any differences in the stress/strain behavior of the two
specimen types would be likely due to differences in cold work in the specimens (either through
flattening of the material prior to machining or perhaps due to cold expansion of the pipes and
the specimens covering different regions of the wall thickness of the pipe).

18.3 Application of Plastic Pre-strain on SSR Specimens

One limitation of the usual test set-up for SSR testing is that the tensile specimen is not able to
utilize an extensometer inside the test cell. Normally this is not a major issue since as only the
ratio of plastic elongation between environment and air tests is used and, in the plastic region, the
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vast majority of the strain incurred is confined to the gage section of the test specimen versus the
load frame and its components. Preliminary tests demonstrated that the use of an external LVDT
provided displacement data that needed to be adjusted to factor out the contribution from the
compliance of the frame/load train. Therefore, an alternative approach was chosen; one that
instead relied on the (calibrated) linear displacement as measured by the travel of the crosshead
of the test frame.

Merely relying on the load/stress value to attain the desired total strain would be unadvisable, as
the variation in the UTS from a specimen to a specimen, albeit relatively small, is large enough
so that the variation is strain is large due to the relatively flat post-yield characteristics of the
stress/strain curves.

Thus, to “dial in” the target strain, the specimen in the SSRT frame was rapidly (10 sec™ strain
rate) pulled past the material yield strength into the plastic region of the stress/strain curve. The
cross-head travel effectively represents the same ‘gross’ displacement as measured by the
LVDT, which includes displacement due to the frame’s being finitely rigid. Therefore, a
correction factor was applied to the real-time stress-displacement curve generated by the rapid
pulling of the specimen; the correction factor was determined to be 0.02 inch of machine
displacement (mostly associated with load train components while the specimen is pulled in its
elastic region). In practical terms, it translates to the target strain value being increased by a
pseudo-strain equal to 2% (0.02 inch displacement divided by the 1.0 inch gage length of the test
specimen).

After review of the initial tensile pulls (and the significant variations in plastic strain actually
determined in the materials from Task 1.2 and 1.4), it was realized that some of the materials
could not sustain the 10% plastic strain as originally planned without exceeding their strain-to-
failure. Therefore, using a fixed value of plastic strain for all materials could put the steels with
lower ductility at a disadvantage over those with higher strain to UTS. Therefore, it was decided
that the aforementioned pre-strain method be changed from a fixed pre-strain value of 10%
plastic strain to a proportion of the strain to UTS. After review of the stress/strain curves for all
materials in Tasks 1.2 and 1.4, it was decided to utilize a plastic pre-strain equal to 60% of the
strain to the UTS for each material. After the pre-strain, the tensile specimens were cycled
between the stress at this strain value and 50% of this stress resulting in an R ratio of 0.5.
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19 Appendix F — Residual Stress Measurements for Welds in Task
1.2
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Figure 83. Residual Stress Measurement Results for Weld 1 — Baseline (Task 1.2)
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Figure 84. Residual Stress Measurement Results for Weld 2 — Weld Design (Task 1.2)
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Figure 85. Residual Stress Measurement Results for Weld 3 — Preheat (Task 1.2)
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Figure 86. Residual Stress Measurement Results for Weld 4 —- PWHT (Task 1.2)
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Figure 87. Residual Stress Measurement for Weld 5 — Filler Metal (Task 1.2)
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Figure 88. Residual Stress Measurements for Weld 6 — Preheat/PWHT (Task 1.2)
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20 Appendix G — Residual Stress Data Analysis for Task 1.2 Girth
Welds

Table 33. Summary of Residual Stress Analysis on Weld 1 (Baseline)

Axial Effective Von-
Distance from Girth Hoop Stress Stress Mises Stress,
Weld Center Line (in) (ksi) (ksi) o, (ksi)

-0.5 11.5 -3.6 13.7
-2 -12 -7.9 10.6
-4 7.6 -2.3 9.0

4 5.7 -12.8 16.4

2 -9.7 -14 9.1

0.5 19.3 25.9 233
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Figure 89. Variation of Residual Stresses on Weld 1 (Position 0 is weld centerline)
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Table 34. Summary of Residual Stress Analysis on Weld 2 (Weld Design)

Axial Effective Von-
Distance from Girth Hoop Stress Stress Mises Stress,
Weld Center Line (in) (ksi) (ksi) oy (ksi)
-0.5 6.4 -6.2 10.9
-2 -21.1 -17.8 19.7
-4 -5.8 -17.9 15.8
4 -2.9 -16.7 15.5
2 -13.7 -9.5 12.2
0.5 14.6 0.9 14.2

Variation of Residual Stresses for Weld 2 (Tie-in weld with wider bevel)
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Figure 90. Variation of Residual Stresses on Weld 2 (Position 0 is weld centerline)
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Table 35. Summary of Residual Stress Analysis on Weld 3 (Preheat)

Axial Effective Von-
Distance from Girth Hoop Stress Stress Mises Stress,
Weld Center Line (in) (ksi) (ksi) oy (ksi)
-0.5 342 51.2 45.2
-2 -2.5 7.8 9.3
-4 -5.8 -3.6 5.1
4 -2.2 -3.6 3.1
2 -16 0.1 16.1
0.5 35 28.8 32.3
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Figure 91. Variation of Residual Stresses on Weld 3 (Position 0 is weld centerline)
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Table 36. Summary of Residual Stress Analysis on Weld 4 (PWHT)

Axial Effective Von-
Distance from Girth Hoop Stress Stress Mises Stress,
Weld Center Line (in) (ksi) (ksi) oy (ksi)
-0.5 8.1 24 7.2
-2 -7.9 -4.8 6.9
-4 7.1 4 6.2
4 -1.8 1.2 2.6
2 -4.3 -1.1 3.9
0.5 -0.1 1.8 1.9

Variation of Residual Stresses for Weld 4 (PWHT)
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Figure 92. Variation of Residual Stresses on Weld 4 (Position 0 is weld centerline)
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Table 37. Summary of residual stress analysis on Weld 5 (Filler Metal)

Axial Effective Von-
Distance from Girth Hoop Stress Stress Mises Stress,
Weld Center Line (in) (ksi) (ksi) oy (ksi)
-0.5 8.9 11 10.1
-2 -16 -19.3 17.9
-4 3.2 -9.9 11.8
4 8.4 -5.6 12.2
2 -2.2 2.4 4.0
0.5 -18.8 -15.5 17.4

Variation of Residual Stresses for Weld 5 (Filler Metal)
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Figure 93. Variation of Residual Stresses on Weld 5 (Position 0 is weld centerline)
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Table 38. Summary of Residual Stress Analysis on Weld 6 (Preheat/PWHT)

Axial Effective Von-
Distance from Girth Hoop Stress Stress Mises Stress,
Weld Center Line (in) (ksi) (ksi) oy (ksi)
-0.5 8.1 7.7 7.9
-2 -10.2 -12.6 11.6
-4 8.8 33 7.7
4 -1.2 -8.2 7.7
2 -5.7 -3.7 5.0
0.5 14.2 17.8 16.3
Variation of Residual Stresses for Weld 6 (Preheat/PWHT)
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Figure 94. Variation of Residual Stresses on Weld 6 (Position 0 is weld centerline)
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21 Appendix H - Analysis of Residual Stress and Operational

Stresses
21.1 Estimation of the Stress-Strain Relationship for the Material

The relationship between the stress and strain was estimated based on the following material
parameters: yield strength (YS), ultimate tensile strength (UTS), Young’s Modulus (E) and the
strain at UTS (gf). An g value of 0.12 for the estimation was selected based on typical stress-
strain curves of X-70 pipeline steels available in the literature’ and also presented in the Figure
below in Figure 95. A representative stress-strain curve generated for the material (Pipe B7)

based on this approach is shown in Figure 96.
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Figure 95: Typical stress-strain curve for an X-70 pipeline steel
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Figure 96: Representative Stress-Strain relationship estimated from material parameters
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Determination of maximum allowable pipe stresses:
The maximum pipe operating stress was calculated using the equation below which was based on
the information available for hazardous liquid pipelines’:

Maximum Pipe Operating Stress = 0.72 x SMYS {2}

The elastic strain corresponding to the maximum pipe operating stress was also calculated using
the stress-strain relationship (Hooke’s relationship) as given below:

€n = on/E {3}

where,
em = Elastic Strain corresponding to the maximum pipe operating stress

om = Max. pipe operating stress
E = Young’s Modulus of the material

21.1.1 Determination of elastic strain based on effective Von Mises stresses.

The effective stresses for each welded pipe condition were calculated the using the standard
equation for Von Mises stress (see Task 1.2 herein).

The elastic strain corresponding to the maximum effective Von Mises stress was calculated using
the Hooke’s stress-strain relationship, as given below:

&, = o,/E {4}

where,
&y = Elastic strain corresponds to the maximum effective Von Mises stress

o, = Max. effective Von Mises stress

E = Young’s Modulus of the material

21.1.1.1 Determination of total elastic strain

The total elastic strain was calculated using the equation below:
&=&mt &y {5}

21.1.1.2 Determination the equivalent total stress:

Finally, the equivalent total stress corresponding to the calculated value of the total elastic strain
was determined from the stress-strain relationship using linear interpolation method.
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21.1.1.3 Sensitivity Analysis:

A sensitivity analysis was performed to determine the influence of strain at UTS (&) variation on
the equivalent total stress determined from the estimated stress-strain relationship. The
equivalent total stress was computed for a range of & (0.1, 0.2, 0.3 and 0.4) as shown in Table
39, which was chosen for the study. The results indicated minimal variation in the computed
total stress when &r was varied from 0.1 to 0.4, as shown in Table 39.

Table 39. Sensitivity Analysis (Effective stress versus &)

Strain at UTS (&) Computed Total Stress (ksi)
0.1 79.3
0.2 78.1
0.3 77.8
0.4 77.6
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22 Appendix I — Residual Stress Measurements for Pipes in Task 1.4
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Figure 97. Residual stress results for Bl
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Figure 98. Residual Stress Results for B2
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Figure 99. Residual Stress Results for Pipe BS
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Figure 100. Residual Stress Results for Pipe B6
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23 Appendix K — Task 1.2 C-SSR Stress vs. Displacement Graphs
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Figure 101. Stress vs. plastic displacement — Weld No. 1 Baseline Material
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Figure 102. Stress vs. plastic displacement — Weld No. 2 Weld Design
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Figure 103. Stress vs. plastic displacement — Weld No. 3 Preheat
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Figure 104. Stress vs. plastic displacement — Weld No. 4 PWHT
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Figure 105. Stress vs. plastic displacement — Weld No. 5 Filler Metal
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Figure 106. Stress vs. plastic displacement — Weld No. 6 Preheat/PWHT
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24 Appendix M — Task 1.4 C-SSR Stress vs. Displacement Graphs
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Figure 107. Stress vs. plastic displacement — Material B1
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Figure 108. Stress vs. plastic displacement — Material B2
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Figure 109. Stress vs. plastic displacement — Material B3
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Figure 110. Stress vs. plastic displacement — Material B4
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Figure 111. Stress vs. plastic displacement — Material BS
11802
120
110
100
90
80 \\
E‘ 70 \ Air - Ramp
2 60 e Air - Failure
g 60 | |
& 50 I e Env. - RaMp
40 L e ENV. - Failure
30
- s M TEC
20
10
0 —m—————F—————

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
Displacement [in]

Figure 112. Stress vs. plastic displacement — Material B6
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Figure 113. Stress vs. plastic displacement — Material B7
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Figure 114. Stress vs. plastic displacement — Material B8
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25 Appendix O — Table of Contents from API 939E

Identification, Repair, and Mitigation of Cracking of Steel Equipment in Fuel Ethanol Service
API Bulletin 939E - First Edition, November 2008

Table of Contents
1 Scope

2 References
2.1 Reference Codes and Standards

3 Definitions

4 Background on SCC in Fuel Ethanol
4.1 Description of Fuel Ethanol

4.2 Relevant Standards for Fuel Ethanol
4.3 Supply Chain for Fuel Ethanol

4.4 Significance of SCC in Fuel Ethanol
4.5  Factors Related to SCC

5 Guidelines for Fabrication of Equipment

5.1 Materials of Construction

5.2 Tank Foundations

5.3 Fabrication of Tanks

54 Fabrication Guidelines to Minimize

5.5 Specific Guidelines for Minimizing SCC in Various Components
5.6 Guidelines for Post Weld Heat Treatment

5.7 Organic Coatings

6 Inspection of Existing Equipment

6.1 General

6.2 Inspection Intervals

6.3 Inspection after Leakage Caused by SCC

6.4 Initial Inspection without Leakage

6.5 Examination Procedures for Identification of SCC

7 Repair of SCC Damaged Equipment

7.1 General

7.2 Assessment of Fitness-for-service and Risk

7.3 Temporary Repair by Clamps and Patches

7.4  Crack Repair

7.5 Stress Relief Heat Treatment Applied to Piping and Components
7.6  Coatings

8 Monitoring of Fuel Ethanol
8.1 Sampling and Analysis of Fuel Ethanol
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8.2  Methods for Monitoring and Testing for Corrosion and SCC

Annex A (informative) Listing of Reported Cases of SCC in Fuel Ethanol and Remedial
Measures

Annex B (informative) Form to Submit New Information on SCC in Fuel Ethanol Systems
Annex C (informative) Examples of Typical SCC in Fuel Ethanol
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26 Appendix P — Minutes of May 2011 API Teleconference

1.

Roadmap for Industry Guidelines for Safe and Reliable Handling of Ethanol Fuels
Meeting and Telecon with API Refining and Pipeline Representatives
Wednesday, May 18, 2010
Draft Minutes

A combined meeting/telecon was called to order at 10:15 am Pacific Time by R. Kane (iCorrosion
LLC/contractor to Honeywell Corrosion Solutions). The slide pack and a white paper memo sent with the
meeting announcement acknowledged the background for this meeting. The agenda was presented as shown in
Attachment I. A roll call was taken of meeting participants of those attending live at the meeting venue (API
Spring Refining Meetings, Seattle Washington) and via teleconference. See Attachment II for list of attendees.
R. Kane introduced the present eSCC guidelines road mapping effort that in context with the findings cited in
the PRCI Report “Development of a Research Roadmap Related to Safe and Reliable Transportation of Ethanol
in Pipelines and Storage Milestone 1 — Gap Analysis” (See slide 3).

One of the tasks of the presently active USDOT PHMSA-funded program on eSCC (Determine New Design &
Construction Techniques for Transportation of Ethanol & Ethanol/Gasoline Blends in New Pipelines) being
performed by Honeywell Corrosion Solutions focuses on assessment of the available information from PRCI,
APL, USDOT funded research and other sources on eSCC and handling of ethanolic media in pipelines. The
goal of this task is to develop a roadmap for the development of pipeline industry guidelines for safe and
reliable pipeline handling and storage of fuel grade ethanol (FGE) and ethanol fuel blends that will help
mitigate eSCC and related problems. R. Kane explained that an existing API document (Tech Bulletin 939E)
had been develop by the API refining committee to address these issues as they relate to downstream storage
and blending facilities. He also mentioned that the main purpose of this meeting/telecon was to assess the
interest in collaboration between the refining and pipeline committees in API to review and expand this
document to more comprehensively cover ethanol guidelines.

M. Yunovich (Honeywell) described the research effort in greater detail indicating that its main focus is on new
pipelines for transporting ethanol fuels versus the other efforts that have mostly focused issues of existing
pipelines. Tasks are dedicated to the effects of metallurgical processing, welding and residual stress on
susceptibility to ethanol SCC (eSCC) in newer pipe steels (X-70 and X-80). Additional tasks include work on
coatings, polymeric materials, shot peening, implementation of corrosion and oxygen monitoring, test methods,
and guidelines for eSCC prevention and identification.

J. Edmondson (Shell) has been the chairperson for the API Refining Committee eSCC Task Group that
developed the API 939E document, titled “Identification, Repair, and Mitigation of Cracking of Steel
Equipment in Fuel Ethanol Service”. He indicated that starting in 2003, API started to fund a significant amount
of research on eSCC. It was good information and it was documented in an API research report (939D), but it
wasn’t distilled into a format where operators could use it effectively. API 939E addresses needs for field-ready
guidelines. It took about two years of develop, review and finalize the first version published in 2008. However,
939E is not a standard in the normal sense and especially not a recommended practice. Due to lack of
documented field experience it was left as a guidelines document that might progress further with time as
needed. Currently, there is a fair amount of new information developed in API and from other sources (e.g.
PRCI, and USDOT/PHMSA) that has been published and is now available. In 2011, API 939E is undergoing
review and revision to include this information as may be required. It appears that some of these changes may
address both refining and pipeline needs. He felt that there was a need to explore if cooperation in this area
might be beneficial and useful for both sectors.

J. Haase (Colonial Pipeline) reviewed pipeline operator’s viewpoints regarding eSCC and solicited input from
other operators in the meeting. He stated that a lot of good research had been performed in the pipeline sector
on eSCC, but there is still a question what it all means and how it can be utilized for pipeline operations. He
believed that the way API 939E was developed and came about is what pipeline operators might be looking for
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10.

11.

12.

13.

14.

15.

in terms of eSCC guidelines for safely moving ethanol fuels in pipelines. However, it needs to include
information on topics like oxygen control, use of inhibitors and management of stresses to potentially mitigate
eSCC. There is a need to review the available research information and distill it into guidelines. Guidelines will
be helpful in identifying potential risk factors, but individual operators will be left to assess the risk for their
particular situations and develop their own operational strategies. The current API 939E is mainly focused on
eSCC whereas the focus of ethanol research has moved to other topics such as compatibility of non-ferrous
alloys and polymeric materials in ethanol fuels and some of this research needs to be included, as well.

R. Kane indicated that some of the same issues on non-ferrous and polymeric materials are being discussed in
the existing eSCC task group related to inclusion of new information into API 939E during the 2011 update. He
also indicated that his assessment was that about 60 percent of the existing information in API 939E would be
applicable to both refinery and pipeline ethanol applications. R. Kane also mentioned that one method to view a
common approach might be to include both groups in review in the 2011 939E update while discussing ways to
handle the more difficult topics that might require structural changes in the document to combine
refining/pipeline ethanol guidelines that might follow later.

B. Mummi (Koch Pipeline) said that he thought there was some lack of understanding in the pipeline industry
with respect to eSCC and there was a need for a better common understanding and guidelines. He felt that the
939E had established a methodology to effectively convert research to guidelines and a joint effort that includes
pipeline needs would be beneficial.

N. Sridhar (DNV) said that if a combined effort were to take place under the auspices of API 939E there were
several new areas that need to be addressed: (a) ethanol fuel blends (some research indicates eSCC worse in
ES0 versus E20), (b) eSCC inhibitors (some work and some don’t), (c) pipeline flow effects, (d) stress cycles
common in pipelines versus tanks and piping, and (e) non-ferrous and polymeric materials.

N. Duckworth (Kinder Morgan) said that there are lots of stories, some are technically ill-founded. Guidelines
might help to create an improved awareness of the true issues founded in fact and research.

J. Edmondson said every company has their own process for doing risk assessment like the API RBI software.
Risk assessment is not an envisioned part of API 939E as it is a guidelines document. R. Kane mentioned that
there was an API degradation module for eSCC but that is was separate from 939E.

P. Lidiak mentioned that the only barrier he saw to this effort might be that API is not used to working across its
industry sectors. He advocated not working on two separate API ethanol documents. They could easily overlap
and conflict over time, plus it would require twice the administrative effort from API. He suggested moving
forward jointly. R. Kane suggested a first step could include both API pipeline and refining committee members
in the review of the existing 939E document and the 2011 update. Then, step two could be the review and
development of a strategy covering how to proceed on some of the more difficult topics that could require
structure changes to API 939E, or annexes.

J. Edmondson suggested that the pipeline committee look at their specific needs and gaps with 939E and
respond back on how to move forward with future changes to API 939E. R. Kane mentioned that his job in the
current Honeywell USDOT/PHMSA project is to develop a roadmap for ethanol guidelines for pipelines and
that he would be willing to attend, facilitate and document pipeline discussions with his charge under this
program. The charge is NOT to actually make the changes or write the new document, but identify the pipeline
sector’s needs, find available research information that addresses these needs, and define a roadmap for the
process which at this time appears to favor the joint sector approach.

J. Haase said that the incorporation of pipeline needs might slow down the currently envisioned API 939E
review process. However, R. Kane felt that it was a workable situation and mentioned that currently no major
structural changes are anticipated in the 2011 review and update. However, the two step process that he
mentioned previously would allow input from both pipeline and refining sectors in the 2011 review while also
at the same time plan further cooperative activities based on pipeline needs that might involve structural
changes to the document (e.g. new sections, partitioning of sections and inclusion of annexes).

N. Sridhar mentioned that consideration should be given to including ASME in this process. However, J. Haase
indicated that it was unlikely that anything developed in the anticipated ethanol guidelines would affect matters
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defined in ASME standards regarding pipeline design or operation (e.g. ASME B31.4 or B31.8). He also felt
that there are avenues available for liaison between API and ASME on this subject, as needed.

16. P. Lidiak said that he would visit with Steve Crimaudo the API staff coordinator for refining about making sure
that representatives from the pipeline committee have access to the API 939E document for purposes of its
review in developing a better understanding of what might be necessary in a collaborative guidelines effort.

17. R. Kane said that he would provide minutes of this meeting/telecon within a week and help coordinate future
meetings or discussions as may be required to move this effort forward.

The meeting was adjourned at 11:05 am Pacific Time.
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27 Appendix Q — Minutes of May 2011 API Teleconference

Roadmap for Industry Guidelines for Safe and Reliable Handling of Ethanol Fuels
2" Telecon including only API Pipeline Committee Representatives
Tuesday, February 14, 2012
Draft Minutes

1. A telecon was called to order at 1 pm Eastern Time by Jake Haase (Colonial Pipeline)
and Russ Kane (iCorrosion LLC/contractor to Honeywell Corrosion Solutions).
Documents provided in advance were the following:

e Memo from Russ Kane to Jake Haase, Scope Document on Ethanol SCC (eSCC)
Guidelines Development (February 21, 2011)

e Presentation slides from first telecon eSCC guidelines develop (May 18, 2011).
Jointly attended by representatives from API Refining Committee eSCC TG and API
Pipeline Committee Task Group on Pipeline Integrity.

e Minutes from aforementioned telecon

e Presentation slides for this telecon.

2. The 2™ telecon agenda is given in Attachment I. Invited representatives of the API Pipeline
Committee Task Group (TG) on Pipeline Integrity are provided in Attachment II).

3. R. Kane made a presentation that first summarized the mandate for pipeline industry eSCC
guidelines coming from the PRCI Report by Ray Fessler, “Development of a Research
Roadmap Related to Safe and Reliable Transportation of Ethanol in Pipelines and Storage
Milestone 1 — Gap Analysis”. It included a goal for the pipeline industry to utilize existing
industry standards process such as API for pursuit of eSCC and other important matter to
ensure safe and reliable ethanol pipeline operation. Secondly, he mentioned a USDOT
PHMSA-funded program on eSCC (Determine New Design & Construction Techniques for
Transportation of Ethanol & Ethanol/Gasoline Blends in New Pipelines) being performed by
Honeywell Corrosion that included a task to develop a roadmap for the development of
pipeline industry guidelines for safe and reliable pipeline handling and storage of fuel grade
ethanol (FGE) and ethanol fuel blends that will help mitigate eSCC and related problems.

4. R. Kane reviewed the major points of the 1% telecon that focused on the existing API
Technical Bulletin 939E that was developed by the API refining committee to address these
same issues as they relate to downstream storage and blending facilities and associated tanks
and piping. He also mentioned that the major conclusion of the participants in the 1* telecon
was interest in collaboration between the refining and pipeline committees in API to review
and expand the 939E document to more comprehensively cover ethanol guidelines by
including reference to prudent pipeline operational practices when handling FGE, fuel blends
and transmixes.

5. Kane also mentioned that in his judgment about 60 percent or more of the information found
in API 939E was relevant to pipeline involving ethanol. Following the May meeting, API’s
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Peter Lidiak provided copies of the 939E document to members of the Pipeline Integrity TG

for review.

6. Another outcome of the May meeting/telecon was concurrence that the API Pipeline
Committee be included in the present round of review and revision of API 939E. It already
appeared that some of the changes addressed both pipeline needs (chemical treatments for
scavenging oxygen and inhibition to reduce eSCC susceptibility, and the presence of eSCC in
fuel blends and transmixes). Kane mentioned that since last year’s telecon, the eSCC TG’s
survey efforts had identified a second case of eSCC in a pipeline. The first case involved a
leak that occurred in the mid-2000’s resulting from eSCC at a west coast location in a
pipeline that connected a terminal and a blending facility in a segment that had been field
bended. The second incident occurred in northern Europe and involved a field bend.
However, in this case, the eSCC was identified before leakage using hydrostatic testing.
These two cases of eSCC in pipeline operations made it necessary to include more
information on mitigation, identification (inspection) and repair/replacement of eSCC
affected segments in pipelines. Therefore, the input from the API Pipeline Committee was
even more critical that stated in the May 2011 telecon.

7. Kane outlined a two pronged plan to address the needs of the pipeline industry for eSCC
guidelines that included:

e Path 1 (short term) - Inclusion of API Pipeline Committee representatives in the
present round of updating and revisions to API 939E (as mentioned above)

e Path 2 (longer term) — Development of a roadmap for the cooperative modification
and expansion of 939E to handling utilizing a joint eSCC TG made up of
representatives from both pipeline and refinery committee.

8. Following Kane’s presentation. The telecon focused on an open discussion on these two
topics. Points brought up included the following:

e The involvement of the API Pipeline Committee for the short term path would necessitate
circulation of the revised 939E (with the draft changes) to the pipeline committee for
their input on any changes that were related to pipeline operations. This input would
likely be mostly related to issues of pipeline inspection, repair and remediation for eSCC
and any changes involving mitigation issues relevant to pipelining ethanol, blends and
transmixes.

e Oxygen control, chemical treatments for scavenging and inhibition comes from the
results of PRCI and USDOT research projects.

e Ultrasonic (UT) in-line inspection (ILI) has the ability to see cracking emanating from
the internal surface of a pipeline, but that it would be a matter of configuration of the
tools depending on the orientation of the cracks produced by eSCC. Presently, UT ILI
tools are configured for longitudinal cracking whereas the two cases of eSCC found in
pipelines thus far were cracks oriented circumferentially like as a result of the residual
stress from bending. In cases where ILI crack inspections involve possible cracks in both
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longitudinal and circumferential orientations, multiple passes of tools will likely be
required.

e Based on the information provided on the 2 ¢SCC study, the cracks were found using
hydrostatic pressure of the pipeline segment at 1.3 times the maximum working pressure.
This shows that another viable method for inspection of pipeline for eSCC could be
periodic pressure testing particularly in the line was not configured for running ILI tools.

e Since both episodes of eSCC in pipelines identified thus far by the API surveys were in
segments of pipelines that involved field bending, revisions to 939E needs to call this
process out and advise in some way the need to either limits this practice or utilize
effective mean to reduce the tensile residual stresses association with bending (e.g. limits
on bend radius or use of thermal stress relief, as possible). Also, any sections of pipelines
that involve field bending may have to be called out as having a higher risk of eSCC than
other segments and suggestions to inspect these segments on a regular basis.

e There are also ILI tools under development that may utilize other inspection techniques
such as eddy current. A potential benefit of this technique is that eddy current methods
work independent of the orientation of the cracks.

e Methods of non-destructive testing already mentioned in API 939E for identification of
eSCC include wet fluorescent magnetic particle testing (WFMPT), UT, eddy current and
alternating current field measurement (ALFM). While most of the experience to date has
been with WFMPT and UT the other methods are mentioned as possible method to use
and may offer some advantage in certain cases.

e Options for repair or remediation of pipelines following identification of eSCC by
inspection: could use of a Type B reinforcement sleeve. Patches are not allowed. Need to
be a pressure containing 360 degree circumferential sleeve.

e Following identification eSCC in a pipeline and following repair that segment has a
designated eSCC threat and will require a re-inspection at a frequency relative to its risk.
This is similar to wording already in 939E for piping and tanks following identification of
eSCC; however, the frequency of inspection is beyond the scope of API 939E and this is
left up to the operator.

e If not possible to run ILI in a pipeline segment, direct assessment is used to define region
of high potential for damage. However, these techniques are mostly for external
corrosion, external SCC or internal corrosion. There are not many factors controlling
eSCC that can be controlled. Oxygen and chloride are the major variables, but not really
controllable. Higher stress locations (e.g. cold forming and bending) may require more
scrutiny than straight run pipeline sections. Might suggest

e Suggest some wording for 939E for pipelines that indicates that control of oxygen (near
air saturation) and inorganic chloride (too low to control) control at inlet are not viable to
a significant degree. However, stress management or chemical treatment (scavengers and
inhibitors) may be viable.
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9.

10.

11.

e Regarding the Path 2 (longer term) effort, Kane suggested that API transition the present
API eSCC TG under the Refining Committee to a joint TG involving both members of
the Refining Committee and the Pipeline Committee. The suggested topics for this group
to handle will be to identify the topics and set the priorities for broader and more
comprehensive changes in the document to integrate more fully pipeline needs
(fabrication, inspection, remediation and mitigation) and new topics of joint interest such
as compatibility of non-metallics and non-ferrous materials in systems handling FGE,
blends and transmixes (some possible worse than FGE with respect to eSCC). In terms of
timing, it was felt that a joint TG work product being a significantly enhanced document
would 2-3 years to complete. However, the actual scope the activity and its schedule will
need to be determined by the TG if this action is approved.

Kane indicated that he would proceed (his current API contract for updating the current API

939E) to produce a draft and include proposed basic wording to handing the pipeline issues

discussed in this telecon for Path 1. The timeline is to complete these revisions prior to the
upcoming API Spring Refinery Meetings to be held in Dallas, Texas in late April. He will
also advise the API eSCC TG to circulate the revised draft revised 939E to the API Pipeline

Committee and utilizing API managers (Crimaudo and Lidiak) to accomplish this task. Jake

Haase indicated that he will be the liaison on the API Pipeline Committee to assist in this

process.

It was also proposed to schedule a joint telecon at the time of the scheduled API eSCC TG

meeting to facilitate pipeline committee member involvement and discuss the joint 939E

review process.

Kane said that he would provide the pipeline committee representatives a write up

summarizing the survey results on the two pipeline eSCC incidences within one week.

The meeting was adjourned at 2:05 pm Eastern Time.
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28 Appendix R — Summary of Two Incidents of Ethanol SCC in
Pipeline Segments Identified from API Survey Efforts

28.1 Ethanol SCC Failure of a Steel Pipeline in FGE Service (Case 1 — Location: USA;
mid-2000s)

A SCC failure and leakage occurred in an 8-in. API 5L X-42 steel pipeline (8.625 in. diameter x
0.270 in. wall) with no post weld heat treatment (PWHT) or internal coating. The failure location
was in a field bend not near a weld but likely having high local plasticity and residual stress
associated with field bending. SCC was identified after the pipeline was in FGE service
(alternating with refined hydrocarbon products) for five years preceded with an unknown period
in hydrocarbon service. The pipeline segment was between a west coast refinery blending facility
and a nearby coastal distribution terminal. Following the failure, the failed section of pipeline
was replaced, a crack tool run, and operations were resumed long enough to empty a source tank
after which the pipeline was removed from ethanol service.

28.2 Ethanol SCC Failure of a Steel Pipeline in FGE Service (Case 2 — Location: Europe;
2010)

Ethanol SCC occurred in an 8-in pipeline conforming to standard DIN 2391-2 with no PWHT.
There were cracks at welds near the pipe bends as well as other welds (pipe to fitting) at
presumed highly stressed locations. The cracking was found by a non-routine hydrostatic test
(scheduled for another reason) run at 1.3 times the maximum working pressure of the pipeline.
The cracking was similar to that reported in previous API survey results with intergranular
cracking common to ethanol SCC. The FGE used here was in accordance to the European FGE
specification EN 15376. The chloride concentration from the analysis was below 1 mg/l
(measured according UOP779).
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