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Abstract

Structural steel final mechanical properties of strength and ductility are predominately
generated by the final ferrite grain size/packet size and homogeneity of that ferrite
grain size/packet size through the cross-sectional area. Forty to seventy percent of
the strength components come from how fine the final cross-sectional ferrite grain
size/packet size that can be produced.[1] All the ductility properties of structural
steels for a given microstructure are predominately driven by how fine AND
homogenous the final cross-sectional ferrite grain size/packet size can be
refined.[2,3,4] One key ductility property of structural steels used in construction and
energy transmission applications is fatigue. Both low and high cycle fatigue can be
realized in these end applications, however, low cycle fatigue is typically the
predominate mechanism. In construction applications the environment for fatigue is
typically air, such as in wind towers or high-rise building construction. In energy
applications, there is an interest in high pressure (5.5 — 21 MPa, 800-3000 psi)
gaseous hydrogen as an alternative fuel source to fossil fuels. A project to study the
effect of the cross-sectional grain size/homogeneity of a relatively pure polygonal
ferrite microstructure on the fatigue performance in air and high-pressure gaseous
hydrogen has been developed. This paper will discuss the project strategy,
microstructure developed for the project and initial test results.
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1 INTRODUCTION

Many structures are designed primarily
from the standpoint of fatigue, such as
pipelines, support towers, and bridges.
Most codes that provide for proper design
of structures that are susceptible to fatigue,
such as the ASME B31.12 code for
Hydrogen Piping and Pipelines base the
designs on the strength of the materials [5].
However, strength is not the only
consideration in the fatigue resistance of a
material, particularly for structural steels,
and many structural applications result in
loading conditions where fatigue resistance
is more important than strength. The
mechanical properties of a steel come from
microstructure  and  chemistry, and
microstructure is developed from
processing. Therefore, fatigue resistance
of steels is developed from processing and
intimately tied to cross-sectional
microstructure.

Various structural steel microstructures
primarily related to API grade pipeline
steels have been fatigue tested and
published in both hydrogen and air over
the past 10 years by NIST and other US
National Laboratories. NIST has developed
a unique multi specimen fatigue testing
device with capability for both air and high-
pressure gaseous hydrogen atmospheres
hence allowing for capabilities to
significantly increase productivity of the
fatigue test [6]. One of the microstructures
fatigue-tested by NIST and Sandia
National Laboratories is a production-
produced API X60 HIC Sour Service plate
grade consisting of a predominately pure
microstructure of polygonal ferrite with a
low carbon (0.03%), higher Nb content
(0.085%) allowing for higher temperature
processing (HTP). This was identified as
“Alloy D” in the fracture and fatigue testing
done in high pressure gaseous hydrogen.
This microstructure has performed well in
both 800 and 3000 psi hydrogen pressure
fracture and fatigue testing, Figure 1
[7,8,9,10,11].

Optical and TEM of Alloy D, predominately
polygonal ferrite

Fracture toughness at
800 psi hydrogen
pressure

Fracture toughness at
3000 psi hydrogen
pressure
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Alloy D fatigue testing
in air and 3000 psi
hydrogen pressure

Alloy D fatigue testing in
air, 800 and 3000 psi
hydrogen pressure

Figure 1: Example of original Alloy D
fracture/fatigue performance in high pressure
gaseous hydrogen, 800 and 3000 psi.

However, one of the questions that has
risen from this testing was while the overall
microstructure performed well in fatigue
testing what would happen to the fatigue
performance if the same alloy design and
same predominately pure microstructure of
polygonal ferrite had variability in cross-
sectional final ferrite  grain  size
homogeneity. This will be the first of
several papers that will follow this project
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of evaluating fatigue performance in air
and hydrogen vs. cross-sectional ferrite
grain size homogeneity.

2 MATERIAL AND METHODS

To study the fatigue performance of a
common microstructure with  different
cross-sectional final ferrite grain size
homogeneity, laboratory-produced plate
trials were developed duplicating the
original API X60 HIC Sour Service alloy
design but designing the rolling process to
create two different cross-sectional final
ferrite grain size/homogeneity situations in
the laboratory-produced plates. One
design utilized a properly optimized, Alloy
D10 (Optimized), rolling strategy to
generate an optimum Type | Static
Recrystallization behavior and Type Il No-
recrystallization behavior for the niobium
content. The second rolling design strategy
was a non-optimized, Alloy D2NO (Non-
optimized), rolling strategy for Type | Static
Recrystallization and Type [l No-
recrystallization behaviors. A total of 8
laboratory ingots (4-D10, 4-D2NO) of
100x170x300 mm were rolled into 8 plates
20x180x1300 mm (4-D10O, 4-D2NO). The
original “Alloy D” design vs. actual
achieved, rolling strategy design vs. actual
achieved and original  mechanical
properties for “Alloy D” vs. the material for
the project, Alloy D10 and Alloy D2NO are
shown in Tables 1, 2, 2a and 3. Per pass
reduction schedules for Alloy D10 and
Alloy D2NO are shown in Figure 2.

Table 1: Alloy Design vs. Actual Lab Melt

Table 2: Roughing Rolling Strategy Design vs.
Actual Lab Achieved

Reheat RM RM Total Hold
°C FRT Reduction | Thickness
°C % mm
Design | 1180 | >1050 321,\%:’3'5 DDleOc-)A.'gé
Alloy
D10 1180 1132 55 45
Alloy
D2NO 1180 1115 35 65

Table 2a: Finishing Rolling Strategy Design vs.
Actual Lab Achieved

FM FM Total Start

F’L"gT FRT Reduction Cool 'i%T Q%I;S
°C % e
D10-

plo- | 820 D1O- | D1O-

. 880, 840, D10-56, | >800, | 650, _
Design | poNo- | D2NO- | D2NO-69 | D2NO- | D2no- | 3P
1000 850- >800 700

880
Alloy
o1 864 843 56 822 648 | 87
Alloy
bong | 1004 886 69 856 715 | 88

C Mn Si Cr | Cu | Ni Nb

%:g;”g' 03 | 114 | 18 | .16 | 24 | .14 | .084
A,‘D"l‘g 03 | 120 | 16 | 16 | 26 | .16 | .088
Sgﬁé 03 | 116 | 15 | .15 | 26 | .15 | .084

Table 3: Original vs. Actual Lab Mechanical

Properties
YS MPa
(0.2% | TS MPa El
offset)
Original
Alloy D 435 486 -
Alloy
D10 520 585 36.5
Alloy
D2NO 482 572 31.1
gn 15
* i
s Roughing
RM1 RM2 RM3 RMA |FM1  FM2 ;:‘:‘ M4 FM5  FME  FM7  FME  FM9

——Alloy DING  ——Alloy D10

Figure 2: Per pass reduction schedule

Fatigue testing will be performed in the
NIST uniquely designed multi sample
fatigue testing pressure vessel, Figures 3
and 4.
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Figure 3: NIST test vessel for pressurized
hydrogen gas

Figure 4: (a) Conceptual drawing showing the
elements of the linked chain of specimens, (b)
photograph showing the assembled chain with
PTFE spacers, and (c) photograph showing the
assembled chain, complete with CMOD gages and
aluminum spacers ready for installation into the
chamber.

Fatigue testing will be done in air and
pressurized gaseous hydrogen of 5.5 MPa
(800 psi) and 21 MPa (3000 psi) and will
be compared to the original Alloy D
previously tested. Fatigue testing will be
done in accordance with ASTM E647 at
load ratios, R, of 0.1 and 0.5 [12]. The
loading frequency will be 1 Hz, which gives
time for hydrogen to diffuse to the crack tip
yet is a rate which is fast enough to
perform the tests in a reasonable amount
of time. The tests will be run in load
control, and each specimen will have a
CMOD (crack mouth opening
displacement) gauge such that crack

growth can be determined from
compliance. Compact tension (CT)
specimens have been machined from the
plates of both the D10 and D2NO
materials, with the crack oriented in the
rolling direction for half of the specimens
and perpendicular to the rolling direction
for the other half of the specimens. The
test chamber has an actuator rod that
extends from inside the chamber to outside
of the chamber. There are three seals
along that length of the actuator rod, and
those seals impart load to the actuator rod.
Because that load is sometimes
inconsistent, an internal load cell is used
within the chamber such that no
compensation for friction of the seals is
required. The specimens have length
W=45 mm and thickness B=19 mm.

3 RESULTS AND DISCUSSION
3.1 — Microstructural Characterization

This “optimized” and “non-optimized”
laboratory rolling strategy resulted in
distinct differences in the cross-sectional
final ferrite grain size and homogeneity.
Since strength properties are significantly
controlled by low angle grain boundaries
(LAGB 4°<3§<15° D4°) and ductility
properties, such as toughness and fatigue,
are significantly controlled by high angle
grain boundaries (HAGB, 9 >15° D15°),
microstructural characterization of the
laboratory-produced plates of both low
angle grain boundaries and high angle
grain boundaries was performed. The goal
of creating similar microstructures in the
two laboratory plates with distinctly
different cross-sectional final ferrite grain
size/homogeneity was realized, Figure 5
[13].
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AIon D10 (Optlmlzed) AIon D2NO (Non-
Yathickness, 200x and  optimized), ¥4 thickness,
500x 200x and 500x
Figure 5: Example of ¥ thickness microstructure
comparison of Alloy D10 (Optimized) vs. Alloy
D2NO (Non-optimized)

The microstructure in both the optimized
and non-optimized plates was
predominately polygonal ferrite with a very
small amount of pearlite/bainite seen in the
non-optimized plates due to the coarse
austinite grain size, Figure 6 [14].

| 18411y o 1s27mv

AIon D2NO (Non-
optimized), center
thickness
Figure 6: Example comparison of center-thickness
microstructure showing predominately polygonal
ferrite with very small amounts of pearlite and
bainite of Alloy D10 (Optimized) and Alloy D2NO
(Non-optimized). Note that bainite was found only in
the non-optimized plates.

AIon D10 (Optlmlzed) ‘
center thickness

The optimized plates had an average
cross-sectional HAGB ferrite grain size of
3.2 ym with 20% of the cross-sectional
average HAGB > 8.5 pm. The non-

optimized plates had an average cross-
sectional HAGB ferrite grain size of 4.5 um
with 20% of the cross-sectional average
HAGB >16.5 pum. For optimum ductility
properties average HAGB (finer is better)
and the population of larger HAGB
representing more than 20% of the
accumulated area fraction (finer is better)
is the target goal. Detailed microstructural
comparisons and grain size distributions
can be seen in Figures 7, 8, 9 and 10 and
Table 4.

Dpesa(4%)=3.5 pm
)=4.3

Ounueld®) = 3.75m %
Duearl15%) = 4.3um [ A00°
*

s

Dpeael4®)= 2.6 um [
Dpuaef15%) =3.1pum
184.1HV

AIon D2NO (Non-
optimized) Top to
bottom, Surface, ¥4 and
center thickness
average LAGB/HAGB
and microstructure

Alloy D10 (Optimized)
Top to bottom, Surface,
Y4 and center thickness
average LAGB/HAGB
and microstructure

Figure 7: EBSD cross-sectional microstructure
comparison of Alloy D10 (Optimized) vs. Alloy
D2NO (Non-optimized). Note the obvious
differences in LAGB/HAGB averages and overall
cross-sectional homogeneity.
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A useful parameter to evaluate the length

S e, At of the tail of a distribution is the critical

1 grain size named as Dc20%, which refers to

1 the cutoff grain size at 80% area fraction in
a grain-size distribution histogram. In order

: to quantify the effect of

- microstructural heterogeneity, the
j; et ratio between Dc20% and D15 was
estimated (see next slide).

Alloy D10 (Optimized) AIon D2NO (Non-
Yathickness kernel map  optimized) % thickness
kernel map

°
Y

Accumulated Area Fraction
°
-

4

Figure 8: LAGB/HAGB mapping (top) and kernel
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mapping (bottom). Kernel mapping shows a slightly onasie o
higher dislocation density in the Alloy D10 Figure 10: Example of determination of
(Optimized). homogeneity HAGB cross-sectional grain size
toward ductility properties
Dines, (4°) = 2.7 prmy 1 o Dsgun {4%) = 37 pm 1
% ol e o Table 4: Analysis of HAGB grain size average and
g o £ g™ £ homogeneity of Optimized and Non-optimized
5 wi  fm w g plates
: ] 1 o} Dc20% | D15°
0% 04 3 10% H (1} o
E " . ; . i wm) | (um) | D20%/D15
- L, Center 9.0 3.1 2.9
TSI TR Alloy D10 v 7.8 3.2 24
Optimized
Alloy D10 (Optimized) ¥4 Alloy D2NO (Non- ©p ) | Surface 8.8 3.3 2.6
thickness LAGB grain ~ optimized) ¥ thickness Average 85 32 26
size distribution LAGB grain size Alloy D2NO Center 185 | 49 3.8
distribution (Non- i 135 4.9 27
18% — 18% — Optimized) Surface 17.5 4.3 4.1
1% ! " ! Average 16.5 4.7 3.5
- wl “ ]
% 10% 06 E % 1o% o8 E
i - wi iw wd 3.2 — MicroSim® Austenite Evolution
: e . : :
- o - w Modeling Results
T TR S
s In addition, modeling of austenite grain
Alloy D10 (Optimized) ¥4 Alloy D2NO (Non- size evolution utilizing MicroSim® PM V3
thickness HAGB grain  optimized) %4 thickness has been done utilizing the processing
size distribution HAGB grain size .
distribution parameters from the laboratory rolling for

comparison with the final observed
polygonal microstructure. MicroSim®
modeling of the austenite evolution at the
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end of the roughing phase and in the
finishing phase show that while the
averages are relatively similar, there is a
large difference in the largest austenite
grain (DMax), 90% of the austenite grains
below value (DC 0.1) and ZD (cross-
sectional homogeneity factor, smaller is
more homogenous), Figure 11. In addition,
the final austenite grain size distribution
prior to accelerated water cooling (ACC)
between the optimized and non-optimized
rolling shows an obvious difference, Figure
12.
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MicroSim® modeling austenite evolution at the end
of the finishing phase of rolling comparison

Figure 11: Roughing and Finishing MicroSim®
modeling of austenite evolution
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Figure 12: Final finishing rolling pass austenite
grain size distribution per MicroSim® modeling.

3.3 Charpy Test Results

As a precursor to fatigue testing, Charpy
impact testing of the two steels was
performed at NIST with temperatures
ranging from -196 °C to 21 °C (room
temperature). Testing was done in
accordance with ASTM E 23 [15]. V-notch
specimens 10 mm wide by 10 mm thick by
55 mm long were extracted from the center
of the plates with the crack running in the
rolling direction and the length of the
specimen perpendicular to the rolling
direction. The parameters measured were
absorbed energy, KV, and lateral
expansion, LE. Ductile-to-brittle transition
temperatures (DBTT) were obtained from
curves of KV and LE as a function of
temperature, shown in Figures 13 and 14,
respectively. Upper-shelf energy (USE) is
calculated from data in Figure 13. Table 5
shows a summary of the results. There is
no difference in USE between the steels,
but the non-optimized steel is 25 °C more
brittle than the optimized steel. The noted
USE differences (no difference) is as
expected for this very low carbon, lower
Mn, low S, inclusion controlled polygonal
ferrite microstructure. The ductile-brittle
transition temperature (25 °C difference)
would be expected due to the differences
in HAGB average and heterogeneity
through the cross-section.
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Figure 13: Absorbed energy as a function of
temperature for both steels
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Figure 14: Lateral expansion as a function of
temperature for both steels

Table 5: Summary of results of Charpy impact
testing of the optimized and non-optimized steels

Material DBTTyy, USE DBTT¢
condition (°C) (J) (°C)
Optimized -133 459 -128
Non-optimized  -108 466 -107

Fatigue crack growth rate (FCGR) testing
in air, for both the optimized and non-
optimized steels, has begun. CT
specimens with W=45 mm and B=19 mm
have been machined from the plates. Half
of the specimens have T-L orientation and
half have L-T orientation, where the first
letter designates the loading direction and
the second is the direction of crack growth.
L is the longitudinal, or plate rolling
direction, and T is the direction transverse
to the rolling direction. All specimens have
cracks extending through the thickness of
the plates. All FCGR tests in air will be run

at a frequency of 10 Hz and a load ratio
(minimum load/maximum load) of O0.5.
FCGR tests in hydrogen will be run at a
cyclic load frequency of 1 Hz, load ratios of
both 0.1 and 0.5, and hydrogen gas
pressures of 5.5 MPa (800 psi) and 21
MPa (3000 psi). Both the optimized and
non-optimized steels will be tested.
Additionally, for this suite of tests on these
two steels, fracture toughness tests in air,
5.5 MPa hydrogen gas, and 21 MPa
hydrogen gas will be performed.

4 CONCLUSION

A predominately  polygonal ferrite
microstructure with varying cross-sectional
ferrite grain size/distribution has been
successfully produced in the laboratory.
This will allow for a proper evaluation of the
effect of the cross-sectional ferrite grain
size/distribution will have on ductility
properties such as fatigue performance for
a given microstructure in air and high-
pressure gaseous hydrogen. Fatigue
testing in air is in progress with fatigue
testing in high pressure gaseous hydrogen
to follow. This paper will be the first of
several more on the subject as additional
fatigue data is generated from the samples
produced. Charpy impact test results show
that there is no difference between the
USE of the two steels as would be
expected from the low carbon, low sulfur
polygonal ferrite microstructure produced,
but the non-optimized steel is 25 °C more
brittle than the optimized steel as would be
expected due to the difference in cross-
sectional ferrite grain size heterogeneity.
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