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ABSTRACT

An infrastructure of new and existing pipelines and systems
will be required to carry and to deliver hydrogen as an
alternative energy source under the hydrogen economy. Carbon
and low alloy steels of moderate strength are currently used in
hydrogen delivery systems as well as in the existing natural gas
systems. It is critical to understand the material response of
these standard pipeline materials when they are subjected to
pressurized hydrogen environments. The methods and results
from a testing program to quantify hydrogen effects on
mechanical properties of carbon steel pipeline and pipeline
weld materials are provided. Tensile properties of one type of
steel (A106 Grade B) in base metal, welded and heat affected
zone conditions were tested at room temperature in air and high
pressure (10.34 MPa or 1500 psig) hydrogen. A general
reduction in the materials ability to plastically deform was
noted in this material when specimens were tested in hydrogen.
Furthermore, the primary mode of fracture was changed from
ductile rupture in air to cleavage with secondary tearing in
hydrogen. The mechanical test results will be applied in future
analyses to evaluate service life of the pipelines. The results are
also envisioned to be part of the bases for construction codes
and structural integrity demonstrations for hydrogen service
pipeline and vessels.

INTRODUCTION

The effect of gaseous hydrogen on materials is not a new
phenomenon. Science and industry have noted a propensity for
reduced ductility and resistance to fracture in ferritic steels as a
result of exposure to hydrogen environments'. This reduction

is most prevalent at ambient or just below ambient
temperatures and is also enhanced at slow strain rates’. The
tensile properties found in the literature typically include one or
more of the following: yield stress, ultimate tensile strength,
elongation, and reduction of area’. They were reported mainly
to demonstrate the hydrogen effects at various levels of
pressure or concentration. The data may be useful for codified
analyses which require strength information of the steels.
However, for a realistic structural analysis or fracture
performance analysis with the finite element method, in
general, a full stress-strain curve beyond linear elasticity (up to
failure) would be required.  Furthermore, a mechanical
properties database should be developed for each material
selected for this type of application, in order to provide a
consensus of properties for design of hydrogen systems. This
requires the use of a statistically valid number of specimens for
each testing condition.

Much of the experimental in this area has yielded data
which is more applicable to academic study of the subject. A
report on the hydrogen embrittlement effects on various
structural alloys including (but not limited to) carbon steels can
be found in the literature, which is a summary of a research
project sponsored by National Aeronautics and Space
Administration (NASA) prior to 1973*. In the experimental
programs for the tensile properties, the researchers used un-
notched and notched specimens. The notched specimens
provided stress concentration in the gage section so the
hydrogen concentration is enhanced locally resulting in a more
pronounced effect. This technique is a good screening criterion
for determining hydrogen effects on specific metals and alloys.
However, the test data generated this type of specimen may be



inadequate for stress analysis in structural integrity-related
issues’. In addition, the data did not address the specific steels
of interest for piping systems or the effect of hydrogen on
welded regions and heat affected zones (HAZ’s).

The tensile and fatigue properties have been obtained in
1000 psig (6.9 MPa) hydrogen environment for some API
pipeline materials’ (X42 and X70) and low carbon steels (A516
and A106B) and were reported by Cialone and Holbrook®, as
well as other studies’®. The tensile results from these reports
are consolidated in Table I. The yield stress and UTS do not
reveal any consistent trends when comparing the specimens
tested in air with those tested in hydrogen. In most cases, a
slight reduction in elongation was noted when the steel
specimens were tested in 6.9 MPa hydrogen. However, in
every case the reduction of area (RA) measured showed a slight
decline in hydrogen.

Table I: Tensile properties for X42, X70, A516, and A106B
in air and in 6.9 MPa (1000 psi) hydrogen gas (shaded)®®.

Steel | Environ. 0.2% UTS | Elong” | Reduction
Yield MPa % of Area
MPa %

X42" | Air 366 511 21 56
Long.

6.9 MPa H_ 331 483 20 44
X427 | Air 311 490 21 52
Trans.

6.9 MPaH, 338 476 19 41
X70° | Air 584 669 20 57
Long.

6.9 MPa H_ 548 659 20 47
X70° | Air 613 702 19 53
Trans.

6.9 MPaH, 593 686 15 38
A516 | Air 372 538 17 70
8

6.9 MPaH, 365 552 20 43
A106 | Air 462 558 14 58
B 8

6.9 MPaH, 503 579 11 50

AElongation % was reported for a 17 (25.4 mm) gage length

The present work summarizes continued study in this
area in order to collect a data set large enough to determine
the effect of hydrogen on properties in a method that is
statistically valid and quantitative.  Furthermore, this
database will provide not only properties but the entire the
entire stress-strain curve for a material. Hence, the need
for continued testing of this class of steels in hydrogen
environments is still present. This has prompted a renewed
interest in testing these materials in hydrogen
environments. Tensile testing of carbon steel in hydrogen
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atmospheres (up to 10.3 MPa or 1500 psi) was planned to
develop a data set for transmission pipelines. Of alloys
initially considered, ASTM A106 grade B was chosen
because of its wide utilization in the pipeline industry. The
compositional requirements for this steel are listed in Table
II. The pipe section was chosen because the available wall
thickness left ample material for the machining of
specimens and could be sectioned with the entire gage
section intersecting the base metal, weld metal or HAZ.
This paper documents the results from the tensile tests of
specimens machined from this welded pipe section.

Table II: Alloy Composition and Tensile Properties for
A 106 Grade B Pipe Material’

A 106 Grade B
Element/Property | Composition, %
Carbon, max” 0.3
Manganese 0.29-1.06
Phosphorus, max 0.035
Sulfur, max 0.035
Silicon, min 0.10
Chrome, max® 0.40
Copper, max” 0.40
Molybdenum, 0.15
max”

Nickel, max” 0.40
Vanadium, max” 0.08

0.2% Yield Stress | 240

(MPa)

Ultimate  Tensile | 400

Stress (MPa)

Elongation (%) for | 30 (16.5 trans.)
50 mm gage length

Reduction in Area | N/A

(%)

A For each reduction of 0.01% below the specified carbon
maximum, an increase of 0.06% manganese above the
specified maximum will be permitted up to a maximum of
1.35%.

B These five elements combined shall not exceed 1%.

EXPERIMENTAL

A section of 4 inch pipe (4.5 inches OD X 0.674
inches wall thickness) was circumferentially welded using
welding procedure specification WPS-P1-TA™®.  The multi-
pass SMAW weld was performed with certification and without
any post weld heat treatment (PWHT). In this specification, no
PWHT is required unless lines are intended for caustic service
or wall thickness is > 19 mm (i.e., 0.75 inches). The root pass
of the weld was performed by gas tungsten arc welding

 This site specific procedure specification was qualified to the ASME
Boiler and Pressure Vessel Code, Section IX, “Welding and Brazing
Qualifications”



(GTAW) with filler rod ER70S-2 filler rod, while each
remaining pass used shielded metal arc welding (SMAW) with
E7018 filler rod. Figure 1 shows a picture of the pipe section
after welding.

Figure 1: Photograph of Alloy A 106 Grade B Pipe Section
after Welding

After the weld procedure was complete the pipe was
sectioned using electro-discharge milling (EDM) and tensile
specimens were machined in the L-C orientation (see Figure 2).
Specimens were machined in a “dog bone” configuration from
the pipe section with the gage section intersecting the base
metal, weld metal or HAZ regions of the pipe (see Figure 3).
The initial tests were performed at ambient temperatures and
atmospheric conditions. Additional samples were tested in 10.3
MPa (1500 psig) research grade hydrogen gas (99.999% pure).

Figure 2: Schematic of Pipe Section illustrating the
Orientation of Tensile Specimens

The specimens were tested at room temperature (i.e.
64 — 78°F) on a screw driven MTS Sintech Renew™ 1125 load
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frame with a 455 kg load cell at a strain rate of 1 x 10™ /sec.
The load frame is located inside a hydrogen environmental test
facility at SRNL which utilizes engineering controls to ensure
flammable gas concentrations in the facility are maintained
below the lower flammability limit and engineered barriers to
protect personnel. The data was collected using MTS
Testworks™ v3.1 data acquisition software.

by
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Figure 3: Schematic and Dimensions of Dog bone Tensile
Specimen

The specimens that were tested in hydrogen were
loaded into a high-pressure vessel manufactured by Autoclave
Engineering™ that is equipped with a translational
feedthrough. The chamber was constrained in the load frame
(to prevent premature loading of the specimen), purged with
inert gas several times and pressurized to 10.3 MPa. The soak
time in hydrogen gas, at pressure, was 30 minutes and was
estimated based on the diffusion coefficient for hydrogen in
iron*'". The pressure was controlled remotely using an
independent control system utilizing LabView™ v5.0 software.
A picture of the test set up is shown in Figure 4. In the present
study, 6 test conditions (base metal, weld or HAZ in air or H,)
with 6 specimens per test condition were performed. A total of
36 specimens were tested (18 in air and 18 in hydrogen). On
occasion, difficulties with the data acquisition system or test
equipment required an additional specimen be tested.

The tests were performed to failure and the specimens
were examined after the test to measure reduction in area, to
verify plastic strain to failure and to characterize the fracture
surface. Optical microscopy and scanning electron microscopy
were utilized to accomplish this analysis. The raw data of load
and crosshead deflection were analyzed using a technique to
compensate for machine compliance and slippage in the grip
section. The procedure for this correction is described in a
study by Lam et al.'>. Engineering stress and strain were
calculated and 0.2% Yield stress, ultimate tensile strength and
ductility at failure were determined from the stress strain
curves.

* Soak time is determined using the equation: x ~ VDt, where x is distance
into sample (1/2 sample thickness), D is the diffusion coefficient for hydrogen
in bee iron at room temperature (D = 9.2 x 107 cm?/s) and t is the time at
pressure. To ensure adequate time, a soak time was selected that is roughly 10
times the required time at pressure.



Figure 4: Hydrogen Test Load Frame Set Up and
Configuration

RESULTS AND DISCUSSION

The changes resulting from exposure of carbon steels to
hydrogen environments is well known'”. The deformation
capacity (ductility), fracture mechanics properties including
fracture toughness and fatigue crack propagation characteristics
are deteriorated as the hydrogen pressure increases. The
behavior of the “deformation capacity” is illustrated when the
fracture surfaces of tensile specimens are examined for
specimens tested in air versus hydrogen. For example, Figure 5
(a and b) shows the fracture surfaces for the HAZ tensile
specimens tested in air and 10.3 MPa hydrogen at low
magnification.

Figure 6 (a and b) shows the fracture surfaces for the
same HAZ tensile specimens at higher magnification. From
these figures, the effects of hydrogen on the deformation
capacity can be readily observed. Specifically, the overall
“reduction in area” in the necked region is significantly greater
in the specimen tested in air (see Figure 5). The morphology of
the fracture surface is also changed; Figure 6 shows a reduction
in ductile rupture (i.e., void growth and coalescence") in the
specimen tested in hydrogen. This behavior is consistent with
what has been observed in studies, previously”'*.

The engineering stress vs. engineering strain curves
are presented in Figures 7-9 for typical specimens at each
condition. The average mechanical property data for the test
matrix is presented in Table III. In comparison to the previous
studies®’ (see Table I), the yield and UTS is significantly lower
and the elongation higher. However, these properties are well
within the allowance in the specification (see Table II).
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Figure 5: Low Magnification Scanning Electron
Micrographs of the Fracture Surface from HAZ Specimens
Tested in Air (a) and 1500 psig Hydrogen (b)

From the presentation of the data, it can be observed
that no significant changes occur in yield stress or ultimate
tensile stress. However, a reduction in the elongation to failure
is observed. Reduction of area (RA) is a property that must be
measured after the test and may be more sensitive to small
differences in the deformation behavior of the material. An
indication of the effect of hydrogen on this property can be
seen in Table IV. Figure 5 also illustrates the significant
difference indicated in Table IV for HAZ samples. This effect
is also evident in the RA measurements of base metal and weld
metal samples (see Table IV). The change in RA noted in Table
IV is more pronounced than the values observed by the
previous studies”® but still exhibits the same trend. The typical
stress vs. strain curves in Figures 7-9, for each type of
specimen may help explain the underlying cause of this



behavior. Specifically, the samples tested in hydrogen, appear
to experience a more drastic drop off in stress once the UTS is
reached than those samples tested in air. Surface cracks were
observed in the gage section of these specimens near the
fracture surface. The presence of these surface cracks were
also noted by Jewett et al.* in several alloys and were described
to be deeper for severely embrittled alloys. The result of their
presence, is the specimen has less of an opportunity for the
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formation of necking and larger final fracture area. This
behavior would indicate that fracture toughness and crack
propagation of the steels will be affected at these pressures of
hydrogen. These tests are currently in progress and will be
reported in a subsequent paper.
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Figure 7: Engineering Stress vs. Strain for Base Metal in
Air and Hydrogen
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Figure 8: Engineering Stress vs. Strain for Weld Metal in
Air and Hydrogen
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Figure 6:

Higher
Micrographs of the Fracture Surface from HAZ Specimens
Tested in Air (a) and 1500 psig Hydrogen (b)
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Figure 9: Engineering Stress vs. Strain for HAZ Metal in

Air and Hydrogen



Table III: Average Tensile Property Results with standard
deviation (y + s).in Air and Hydrogen (shaded).

Average Properties

0.2% | Dev. [ UTS | Dev. | Elong. | Dev.

Yield (MPa) at

(MPa) failure
% Air | 3553 | 15.8 | 484.6 8.6 0.29 0.04
i H, | 357.1 | 329 | 4864 | 17.8 0.19 | 0.04
% Air [ 343.0 | 20.0 | 4904 9.0 0.28 0.01
= H, | 350.0 | 16.1 | 480.9 | 12.0 0.21 0.02
<Ng Air | 349.3 | 20.8 | 482.3 7.6 0.27 0.04
= H, | 338.2 | 18.5 | 475.5 9.6 0.19 | 0.04

Table IV: Reduction of Area for Samples in Air and
Hydrogen (shaded) with standard deviation (y % s)

Environment Average Property
Reduction of
Area (%) Dev.

2 Air 68.6 1.5
2

H, 30.8 5.0
2 Air 74.9 22
=

H, 30.5 6.4
N .
é Air 71.0 1.7

H, 30.4 6.8

SUMMARY AND PATH FORWARD

This study reports the results from the tensile testing
of A106 grade B carbon steel base metal, weld fusion metal and
HAZ’s. The program was conducted in support of an
evaluation of the use of new and existing pipelines and systems
to carry and to deliver hydrogen as an alternative energy source
under the hydrogen economy. The grade of carbon steel was
selected because of its common application in pipelines. The
results of a matrix of tensile tests performed at room
temperature in air and in high pressure hydrogen were reported.

A general reduction of the ductility or deformation
capacity was noted in this material. The elongation to failure
and reduction in area were reduced when specimens were
tested in 10.3 MPa hydrogen. Furthermore, the primary mode
of fracture changed from ductile rupture to more of a quasi-
cleavage.
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Tests to quantify the fracture behavior in terms of J-R
curves for these materials at air and hydrogen pressure
conditions are ongoing.
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